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Abstract 
Bismuth oxide based electrolytes are well known for their high oxide ion 
conductivity at intermediate temperatures (300-700C). Indeed, the defect fluorite 
structured -phase of Bi2O3 shows the highest known oxide ion conductivity of any 
material. Unfortunately this phase is only stable above 730C and much research has 
been carried out on stabilising this phase to lower temperatures through solid solution 
formation with other oxides. The work described in this thesis examines the structure-
conductivity relationships in several substituted bismuth oxide systems. The effects of 
Nb
5+
, Y
3+
 and Pb
2+
 substitutions for Bi
3+
 have been examined using a combination of 
neutron and X-ray diffraction. Conductivity measurements have been performed on 
selected compounds using a. c. impedance spectroscopy.  
Nb
5+
 substituted systems show extensive superlattice ordering of the fluorite 
subcell. Three structural types have been examined in the Bi2O3-Nb2O5 binary oxide 
system, the Type II (incommensurately modulated) structure, the Type III 
(commensurately modulated) tetragonal structure and the Type IV (Aurivillius) layered 
structure. The relationship between these structures and that of fluorite is discussed. A 
detailed investigation of the highly conducting phase -Bi3YO6 was carried out using 
total neutron scattering methods. The average structure shows oxide ions disordered on 
the crystallographic scale and distributed over 3 crystallographic sites in the Fm-3m 
cubic cell. Evidence from the total neutron scattering analysis reveals further detail on 
local ordering and has provided the first physical evidence of <110> vacancy ordering 
in a substituted bismuth oxide based fluorite. Double substitution in Bi2O3 has been 
examined in the systems Bi2O3-Nb2O5-Y2O3 and Bi2O3-PbO-Y2O3. In the Pb
2+
/Y
3+
 
substituted system, three temperature regions were evident in the Arrhenius plots of 
total conductivity and were reflected in the thermal expansion of the cubic lattice 
parameter. The difference between these regions is less pronounced in the Bi2O3-Nb2O5-
Y2O3 system with essentially two linear regions identified and an intermediate 
temperature region. Subtle redistributions of oxide ions are believed to be associated 
with these transitions. New phases have been examined in the Bi2O3-PbO system and 
initial structural characterisation of the high temperature phases at compositions 
Bi3PbO5.5 and Bi4PbO7 has been carried out.  
 
5 
 
Table of Contents 
Declaration ................................................................................................................ 2 
Acknowledgements ................................................................................................... 3 
Abstract ..................................................................................................................... 4 
Chapter 1 Introduction to Bismuth Oxide Based Solid Electrolytes ...................... 9 
1.0 Summary ............................................................................................................ 9 
1.1 Aims of the project ............................................................................................. 9 
1.2 Solid electrolytes and their applications ............................................................ 10 
1.3 Conductivity and crystal structure in bismuth oxide .......................................... 14 
1.4 Stabilisation of metastable and high temperature phases in Bi2O3 ...................... 26 
1.5 References ........................................................................................................ 30 
Chapter 2 Introduction to Experimental Methods ................................................ 33 
2.0 Summary .......................................................................................................... 33 
2.1 X-ray and neutron diffraction techniques .......................................................... 33 
2.1.1 Introduction to diffraction ............................................................................ 33 
2.1.2 X-ray diffraction .......................................................................................... 34 
2.1.3 X-ray powder diffraction ............................................................................. 36 
2.1.4 Neutron diffraction ...................................................................................... 37 
2.1.5 Diffuse scattering ......................................................................................... 43 
2.1.6 Neutron sources ........................................................................................... 45 
2.1.6.1 Nuclear reactor sources........................................................................... 45 
2.1.6.2 Pulsed neutron sources ........................................................................... 46 
2.1.6.2.1 Generating Pulsed Neutrons .............................................................. 46 
2.1.6.2.2 Time-of-flight method for diffraction and resolution in diffraction .... 48 
2.1.7 Neutron diffractometers ............................................................................... 49 
2.1.7.1 Polaris diffractometer at ISIS (RAL) ...................................................... 49 
2.1.7.2 HRPD diffractometer at ISIS (RAL)  ...................................................... 50 
2.1.7.3 D2B diffractometer at ILL  ..................................................................... 53 
2.2 Analysis of powder diffraction data .................................................................. 54 
2.2.1 The Rietveld method.................................................................................... 54 
2.2.2 Structure factors and the phase problem ....................................................... 56 
6 
 
2.2.3 Total scattering methods .............................................................................. 57 
2.2.3.1 Correlation functions based on neutron scattering ................................... 58 
2.2.3.2 Correlation functions based on X-ray Scattering ..................................... 60 
2.2.3.3 Coordination numbers ............................................................................ 61 
2.2.4 Reverse Monte Carlo (RMC) modelling....................................................... 61 
2.3 Alternating current (a.c.) impedance spectroscopy ............................................ 65 
2.3.1 Basics .......................................................................................................... 65 
2.3.2 Elementary analysis of impedance spectra ................................................... 68 
2.4 Thermal analysis ............................................................................................... 70 
2.5 General Experimental Procedures ..................................................................... 72 
2.5.1 Synthesis ..................................................................................................... 72 
2.5.2 X-ray powder diffraction ............................................................................. 73 
2.5.3 Neutron powder diffraction data acquisition................................................. 74 
2.5.4 Electrical measurements .............................................................................. 76 
2.5.5 Thermal analysis .......................................................................................... 77 
2.5.6 Error analysis............................................................................................... 77 
2.6 References ........................................................................................................ 78 
Chapter 3 The Bi2O3-Nb2O5 and Bi2O3-Y2O3 Binary Oxide Systems ................... 80 
3.0 Introduction ...................................................................................................... 80 
3.1 Background to the Bi2O3-Nb2O5 and Bi2O3-Y2O3 systems ................................ 80 
3.1.1 The Bi2O3-Nb2O5 system ............................................................................. 83 
3.1.1.1 Type I structure ...................................................................................... 86 
3.1.1.2 Type II structure ..................................................................................... 87 
3.1.1.3 Type III structure .................................................................................... 89 
3.1.1.4 Type IV structure.................................................................................... 91 
3.1.2 The Bi2O3-Y2O3 system ............................................................................... 91 
3.2 Experimental .................................................................................................... 95 
3.2.1 Sample preparation ...................................................................................... 95 
3.2.2 Crystallography ........................................................................................... 95 
3.2.3 Thermal analysis .......................................................................................... 98 
3.3 Results and discussion ...................................................................................... 99 
3.3.1 Bi3NbO7 ...................................................................................................... 99 
3.3.1.1 Structural analysis of c-Bi3NbO7........................................................... 100 
7 
 
3.3.1.2 Structural analysis of t-Bi3NbO7 ........................................................... 107 
3.3.2 Bi5Nb3O15 .................................................................................................. 117 
3.3.3 Bi3YO6 ...................................................................................................... 123 
3.4 Conclusions .................................................................................................... 152 
3.5 References ...................................................................................................... 154 
Chapter 4 The Bi2O3-Nb2O5-Y2O3 Ternary Oxide System .................................. 156 
4.0 Introduction .................................................................................................... 156 
4.1 Background to the Bi2O3-Nb2O5-Y2O3 system ................................................ 157 
4.2 Experimental .................................................................................................. 161 
4.2.1 Sample preparation .................................................................................... 161 
4.2.2 Crystallography ......................................................................................... 162 
4.2.3 Conductivity measurements ....................................................................... 165 
4.3 Results and discussion .................................................................................... 165 
4.3.1 The (Bi2O3)1-x(YNbO4)x system ................................................................. 165 
4.3.1.1 Structure of (Bi2O3)1-x(YNbO4)x (0.167 x  0.300) .............................. 170 
4.3.1.2 Conductivity of (Bi2O3)1-x(YNbO4)x (0.167 x  0.300) ........................ 182 
4.3.1.3 Total scattering analysis of Bi3Y0.5Nb0.5O6.5.......................................... 188 
4.3.2 The Bi2.33Nb1-xYxO6-x system ..................................................................... 199 
4.4 Conclusions .................................................................................................... 210 
4.5 References ...................................................................................................... 211 
Chapter 5 The Bi2O3-PbO-Y2O3 Ternary Oxide System ..................................... 212 
5.0 Introduction .................................................................................................... 212 
5.1 Background to the Bi2O3-PbO-Y2O3 system .................................................... 213 
5.2 Experimental .................................................................................................. 218 
5.2.1 Sample preparation .................................................................................... 218 
5.2.2 Crystallography ......................................................................................... 219 
5.2.3 Electrical measurements ............................................................................ 221 
5.2.4 Thermal analysis ........................................................................................ 222 
5.3 Results and discussion .................................................................................... 223 
5.3.1 Bi3-xPbxO6-0.5x (0.1  x  0.7) ...................................................................... 223 
5.3.2 Bi4-xPbxO7.5-0.5x (0.25  x  0.75) ................................................................ 239 
5.3.3 Bi5-xPbxO9-0.5x (x = 0.25,0.5 and 0.75) ......................................................... 248 
8 
 
5.3.4 Bi3PbO5.5 and Bi4PbO7............................................................................... 255 
5.4 Conclusions .................................................................................................... 267 
5.5 References ...................................................................................................... 268 
Chapter 6 Conclusions .......................................................................................... 269 
6.1 Superlattice structure in the niobium substituted bismuth oxides ..................... 273 
6.2 Short-range ordering in δ-Bi3YO6 ................................................................... 275 
6.3 Local defects in the Nb
5+
/Y
3+
 double substituted Bi2O3 (Bi3Nb0.5Y0.5O6.5) at room 
temperature .................................................................................................... 276 
6.4 Stabilising the δ- Bi2O3 phase by double substituting Bi
3+
 by Pb
2+
 and Y
3+
 ..... 277 
6.5 Polymorphism in the Bi2O3-PbO binary oxide system  .................................... 278 
6.6 Future work  ................................................................................................... 279 
6.7 References  ..................................................................................................... 280 
List of Figures ....................................................................................................... 281 
List of Tables ......................................................................................................... 289  
Appendix ............................................................................................................... 291 
 
Chapter One 
9 
 
Chapter 1 Introduction to Bismuth Oxide Based Solid Electrolytes 
 
1.0 Summary 
The research presented in this thesis is focused on the relationship between crystal 
structure and conducting properties of cation stabilised fluorite structured bismuth oxide 
based materials. In this chapter, an introduction to bismuth oxide based solid 
electrolytes including their structures, properties and applications is given. New 
methods for analysing the detailed defect structures of these systems are also described. 
 
 
1.1 Aims of the project 
The main aim of this project was to probe the structure-property relationships in 
high oxide ion conducting fluorite structured Bi2O3 based solid electrolytes. The 
systems investigated in detail in the present work are the binary oxide systems 
Bi2O3-Nb2O5 and Bi2O3-Y2O3 and ternary oxide systems Bi2O3-Nb2O5-Y2O3 and 
Bi2O3-PbO-Y2O3. Powder neutron diffraction studies at ISIS and the ILL, 
complemented by impedance spectroscopy and computer simulation techniques have 
been employed to determine the crystal structures of the phases observed and their role 
in promoting rapid ion diffusion. Detailed analysis of the total (diffuse plus Bragg) 
scattering was performed, which was also used to test the novel data analysis software 
RMCprofile [1], to yield a more complete view of the disorder in the materials 
examined (in this case Bi3YO6 and Bi3Nb0.5Y0.5O6.5).
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1.2 Solid electrolytes and their applications 
The definition of a solid electrolyte as given by Goodenough [2] is a solid that is 
an ionic conductor and an electronic insulator. More usefully a solid electrolyte may be 
described as a solid that shows high conductivity wholly or mainly due to the 
conduction of ions [3]. In solid electrolytes, (also known as fast ion conductors or 
superionic conductors) electrical conduction occurs by the long range motion of ions to 
an extent where their conductivities are comparable to those observed for strong liquid 
electrolytes. Some typical values of electrical conductivity are listed in Table 1.1 for 
comparison. 
 
Table 1.1 Typical values of electrical conductivity [3].  
 
Conduction Type Material Conductivity ζ (S cm-1) 
Ionic 
Ionic and covalent bonded 
crystals (non-solid electrolyte) 
<10
-18
  10-4 
Solid electrolytes 10
-3
  101 
Strong (liquid) electrolytes 10
-3
  101 
Electronic 
Metals 10
1
  105 
Semiconductors 10
-5
  102 
Insulators <10
-12 
 
All conductivity values presented in this thesis are given in S cm
-1
, where 1 S 
(Siemen) = 1 Ω-1. For solid electrolytes, the ionic conductivity can be described by Eqn. 
1.1, where ni is the number of charge carriers of species i (cations or anions), ei is the 
charge of ions (1.6 × 10
-19
C for monovalent ions) and μi is the mobility of ions. 
ζ = 
i
iiien   (1.1) 
Conductivities for solid electrolytes are normally temperature dependent, 
conductivity increasing as temperature increases. At high temperature the thermal 
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energy of atoms becomes significant and the concentration of crystalline defects 
increases. The temperature dependence of the conductivity can be expressed by the 
Arrhenius equation (Eqn. 1.2), where A is the pre-exponential factor, E is the activation 
energy, R is the gas constant (8.314 J K
-1
 mol
-1
) and T is the absolute temperature (in K). 
The Arrhenius plot of conductivity (log(ζT) vs T-1) is commonly used in the work 
presented in this thesis. The activation energy is an indication of the difficulty of ion 
hopping. 
ζ T = )exp(
RT
E
AT

 (1.2) 
Many materials are found to exhibit solid electrolyte behaviour over particular 
temperature ranges and can be categorised into two general groups according to their 
charge carrier: cation conductors (H
+
, Li
+
, Na
+
, K
+
, Cu
+
, Ag
+
, Pb
2+
, etc.) and anion 
conductors (mainly F
-
 and O
2-
). Ion migration in most ionically or covalently bonded 
solids does not easily occur, as the ions tend to remain fixed in their lattice positions. 
The extent of ionic conduction greatly depends on the concentration of mobile 
ions as well as crystal defects. The high conductivity of solid electrolytes compared to 
other non-metallic solids is attributed to their specific crystal structures, in which there 
are often open channels or layers for mobile ions to move through. This affects the 
mobility of ions by lowering the activation energy for ion hopping.  
The application of electrolytes is almost exclusively in electrochemical cells (Fig 
1.1), including power cells and sensors [2]. Electrochemical cells based on solid 
electrolytes operate in a similar fashion to those based on liquid electrolytes. Intense 
interest has been focused on solid electrolyte materials due to the advantages of 
all-solid-cells, such as miniaturisation, long storage life, wider operating temperature 
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range, better shape maintenance, no leakage, etc. [4]. Fig 1.2 shows the conductivities 
of selected oxide ion conducting solid electrolytes. 
O2 + 4 e
-
  2 O2- 
 
2H2 + 2 O
2-
  4 e- + 2H2O 
Fig. 1.1 Schematic diagram of a solid electrochemical cell involving an oxide ion 
conducting solid electrolyte with H2 as the fuel (modified from [5]). 
 
 
Fig. 1.2 Electrical conductivity of selected oxide solid electrolytes [6]. 
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Interestingly, many of the fluoride and oxide ion conducting solid electrolytes in 
their highly conducting polymorphs, such as Y doped CaF2 [7], Y stabilised zirconia 
(YSZ) [8], aliovalently doped CeO2 [9,10], δ-Bi2O3 [11], etc., are found to have the 
fluorite or defective fluorite structures. Fig. 1.3 shows the ideal fluorite (ie. CaF2) 
structure and clearly illustrates the face centred cubic (fcc) unit cell. This structure 
consists of cubic close packed cations, with anions occupying all the tetrahedral sites. 
Thus the cation exhibits cubic coordination, while the anion is tetrahedrally coordinated 
to the cations (Fig. 1.4). The crystallographic description of the fluorite structure is a 
face centred cubic structure in space group Fm-3m (No. 225) with cations and anions 
fully occupying the 4a (0, 0, 0) and 8c (0.25, 0.25, 0.25) sites respectively [12]. 
  
Fig. 1.3 Unit cell contents of ideal 
fluorite structure.  
M = metal cations and X = anions. 
 
Fig. 1.4 Polyhedral representation of 
fluorite structure emphasising anion 
coordination [13]. 
 
The ideal fluorite structure occurs only in stoichiometric fluorite (MX2) 
compositions [14]. Point defects arise as the composition varies from the ideal MX2, 
with an absence of anions from lattice sites when the M:X ratio is less than 1:2 and the 
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presence of interstitial anions when the M:X ratio is greater than 1:2. Thermal vibration 
of ions in a system can also raise the vacancy and interstitial concentrations in the 
crystal lattice by displacing ions into interstitial sites (Frenkel disorder). The presence of 
vacancies and/or interstitials is a critical factor in determining the high conductivity of 
solid electrolytes. In fluorites, vacancy transport occurs through a direct jump of an 
anion into a neighbouring vacancy along <100> or <110> directions [14]. 
Stoichiometric fluorites (e.g. pure CaF2 and ZrO2) have narrower temperature ranges for 
high ionic conduction than in non-stoichiometric fluorites due to the low concentration 
of defects at lower temperatures in the former.  
For anion conducting electrolytes, the anion Frenkel energy, which is the energy 
required to create an anion vacancy and an interstitial, is lower than the cation Frenkel 
energy. Therefore the concentration of anion defects is much higher in this type of 
material, which results in a high anion transport rate (normally several orders of 
magnitude higher than that for the cations).  
 
 
1.3 Conductivity and crystal structure in bismuth oxide 
Six polymorphs have been reported in bismuth oxide, with four in pure Bi2O3 
(-monoclinic, -tetragonal, -body centred cubic and δ-defective fluorite cubic [15, 16, 
11]) and two in mixed compounds ε (orthorhombic) [17] and ω (triclinic) [18]. Pure 
Bi2O3 exhibits two stable polymorphs ( and δ) on heating and two metastable phases 
( and ) on cooling (Fig.1.5 [21]). On cooling, the δ-phase may transform to either the 
tetragonal - or the bcc -phase, both of which are metastable, depending on cooling 
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conditions [ 19 ]. Further cooling of the metastable phases eventually leads to 
transformation to the -phase. 
 
 
Fig. 1.5 The stable and metastable regions found in Bi2O3 [21]. 
 
 
As shown in Fig 1.2, pure bismuth sesquioxide has the highest reported oxide ion 
conductivity of any known material (1 S cm-1 near its melting point at ca. 825C). 
Consequently, numerous investigations [20,21,22] have been carried out to analyse the 
structure-conductivity relationship in this material. A systematic study of the electrical 
behaviour of Bi2O3 was carried out by Harwig and Gerards [11] using a.c. impedance 
spectroscopy. Measurements were performed on compressed Bi2O3 pellets with Pt or Au 
electrodes in the temperature range 300 to 800C. Fig 1.6 shows their results in the form 
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of an Arrhenius plot of conductivity based on a PtBi2O3Pt cell. As with all solid 
electrolytes, conductivity is seen to increase with increasing temperature.  
 
 
Fig. 1.6 Electrical conductivity as a function of temperature on repeated heating 
and cooling of a Pt|Bi2O3|Pt cell [11].  represents the start of the 
measurements, and dashed lines indicate measurements where the appearance of 
-Bi2O3 is observed.  
 
 
The four polymorphs of Bi2O3 are evident in the Arrhenius plot presented in Fig. 
1.6. The conductivity of these polymorphs decreases in the order δ >  >  > α. On the 
first heating, a sudden jump in conductivity of more than 3 orders of magnitude of 
conductivity is observed at 729C, corresponding to the  to δ phase transition. On 
cooling, two intermediate phases (- and -) are observed (in the ranges of ca. 650 to 
490C and 640 to 580C respectively). The transition from  or  intermediate phases to 
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the -phase was found to occur at arbitrary temperatures and in some cooling runs the 
-phase even persisted through to room temperature. Nevertheless, the conductivities of 
the ,  and δ phases of Bi2O3 could be measured reproducibly for different samples. 
Harwig and Gerards concluded that the conductivities of the ,  and δ phases were 
mainly ionic with oxide ions as mobile charge carriers, while that of -Bi2O3 was 
mainly electronic.  
Fig 1.7 shows the standard X-ray powder diffraction (XRD) pattern for the low 
temperature stable phase, -Bi2O3. The pattern can be indexed on a monoclinic unit cell 
in space group P21/c [16,23], with crystal parameters a = 5.85Å, b = 8.17Å, c = 7.51Å 
and  = 112.99 [24].  
 
 
Fig. 1.7 XRD pattern for -Bi2O3 (JCPDS 41-1449) [25]. 
 
 
-Bi2O3 can be obtained at room temperature through rapid cooling from high 
temperatures [26,27], or decomposition of Bi2O2CO3 at 400C [28]. β-Bi2O3 exhibits a 
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tetragonal unit cell (Fig 1.8) in space group (P-421c) [29] with dimensions a = 7.738(3) 
Å and c =5.731(8) Å [30, 31].  
 
 
Fig. 1.8 XRD pattern for β-Bi2O3 (JCPDS 18-0244) [30]. 
 
Interestingly, Huang et al. found that when preparing pure Bi2O3 thin films 
through oxidation of electrodeposited metallic Bi, the formation of  or  phases 
depends on the preferred orientation of the metallic Bi crystals [32]. For rhombohedral 
Bi metal crystals with the lattice parameters ah = bh = 4.55Å, and ch = 11.86Å, - Bi2O3 
and - Bi2O3 films were prepared successfully after oxidising the (202) and (10-2) 
orientated Bi thin films respectively (Fig. 1.9). The schematic diagrams (Fig. 1.10) 
show that the Bi atoms along the (202) plane in Bi metal match the Bi atoms in the (010) 
plane in - Bi2O3, while Bi atoms along (10-2) in Bi metal match Bi atoms in the (001) 
plane of - Bi2O3. 
The other metastable phase γ-Bi2O3 was identified by Sillén [33] and named after 
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him as the sillenite-type (S-type) structure. This structure (Fig. 1.11) was found to be 
body centred cubic (bcc) in space group I23 (No. 197) with the cubic lattice parameter a 
= 10.268(1) Å at room temperature [22,25] (Fig. 1.11). The -phase in bismuth oxide 
can be maintained to room temperature through cooling from the δ-phase or molten 
Bi2O3.  
 
 
 
 
 
Fig. 1.9 (Upper) Crystal structure of rhombohedral Bi metal and the atomic 
configurations of (10-2), (104) and (202) and (lower) XRD pattern of oxidised 
Bi films with (a) (202) and (b) (10-2) (modified from Fig. 6 in [32]). 
Chapter One 
20 
 
 
(a) 
 
 
(b) 
 
Fig. 1.10 Schematic diagrams of coherent relationship between (a) Bi (202) / 
-Bi2O3 (010) and (b) Bi (10-2) / -Bi2O3 (010) (modified from Fig. 7 in [32]). 
 
 
Fig. 1.11 XRD pattern for -Bi2O3 (JCPDS 45-1344) [34]. 
 
As discussed earlier, among the polymorphs of bismuth oxide, δ-Bi2O3 possesses 
the highest ionic conductivity (Fig. 1.5) with values in the region of 1 S cm
-1
 at 
temperatures above 730C [35], which is ascribed both to the large number of intrinsic 
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oxygen vacancies and high anion mobility [36]. δ-Bi2O3 possesses a defect fluorite type 
structure [25] as the ideal 8c site in the fluorite structure is not fully occupied by anions 
(i.e. O
2-
) and displacements of O
2-
 from the ideal anion site are present.  
High anion conductivity in δ-Bi2O3 has been attributed to its highly disordered 
state and its high concentration of oxide ion vacancies [37]. Oxide ion vacancies in the 
structure are thought to be the majority charge carrier. The reasons for high ionic 
conductivity in δ-Bi2O3 have been summarised in a review by Mairesse [38] as:  
(i)  25% of the oxygen sites are unoccupied in the fluorite-type lattice; 
(ii) the electronic structure of Bi3+ is characterised by the presence of a 6s2  lone pair 
of electrons that leads to high polarisability of the cation network, which in turn 
leads to enhanced O
2-
 mobility; 
(iii) the ability of Bi3+ to accommodate highly disordered surroundings. 
 
 
Fig. 1.12 XRD pattern for δ-Bi2O3 at 750C (JCPDS 16-0654) [39]. 
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δ-Bi2O3 (space group Fm-3m) has a cubic unit cell dimension of a = 5.66 Å at 
750C [39], with Bi located on the 4a (0, 0, 0) site and one quarter of the oxide ions 
missing from the ideal fluorite stoichiometry. Therefore, δ-Bi2O3 has an intrinsic 
vacancy concentration of 0.5 vacancies per close packed Bi atom i.e. BiO1.5 0.5 (where 
 Several models have been proposed for the defect 
structure of δ-Bi2O3. Fig. 1.13 illustrates three classic models by Gattow [39], Sillen [33] 
and Willis [12].  
 
 
Oxygen ion 
 
partial (3/4) oxygen ion 
 
32f interstitial site 
 
Oxygen vacancy  Cation 
Fig. 1.13 Models for the defect structure in -Bi2O3 [40]. 
 
 
In the Gattow model, oxide ions are located exclusively on the 8c site with a 
random distribution of vacancies on this site. Therefore each 8c position has an equal 
probability of occupancy by an oxide ion [41], i.e. the 8c site has a statistical occupancy 
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of ¾. However, this model is inconsistent with neutron diffraction studies [35] that 
show occupancy of the 32f interstitial site as well as possible short-range ordering of the 
anion sublattice. In the Sillen model, the oxygen sublattice, is fully ordered with ¾ of 
the regular tetrahedral sites in the lattice occupied by O
2-
 and ¼ of the sites vacant with 
the oxygen vacancies ordered in the <111> directions [33]. However, this model is 
inconsistent with the high ionic conductivity observed in δ-Bi2O3 as well as the neutron 
diffraction studies. In the Willis model, the oxide ions are displaced in the <111> 
direction from the regular tetrahedral sites towards the central octahedral vacant site, 
thus the model displays an occupancy of 3/16 at the 32f site. Verkerk et al. [42] and 
Battle et al. [43] in their neutron diffraction studies confirmed that the structure of 
δ-Bi2O3 shows occupancy of both the ideal 8c site (¼,¼,¼) and the 32f site (ca. 0.3, 0.3, 
0.3), which corresponds to a combination of the Gattow and Willis models [41]. The 
coordination environments for these two anion sites are illustrated in Fig. 1.14, which 
shows that displacement of oxide ions from the 8c site to the 32f site leads to a lowering 
of the oxygen coordination number from 4 to 3.  
  
(a) (b) 
Fig.1.14 Anion environments in -Bi2O3. (a) 8c site and (b) 32f site. Oxygen and 
bismuth atoms are shaded red and yellow respectively. 
 
A large number of studies have been carried out to simulate the local defect 
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structure of δ-Bi2O3 with regard to anion or anion vacancy ordering through various 
methodologies. As discussed above, the nominal vacancy concentration per Bi atom is 
0.5. Since each vacancy on the ideal fluorite site is “seen” by four Bi atoms, then on 
average each Bi has two such vacancies in its coordination environment. These 
vacancies can be distributed randomly or ordered in three different directions <111>, 
<110> and <100> as shown in Fig. 1.15.  
 
   
<111> <110> <100> 
Fig 1.15 Vacancy ordering models in -Bi2O3. Yellow solid circles represent 
metal cation and red solid circles represent O
2-
. 
 
Walsh et al. reported that vacancy ordering along <100> is most favoured in pure 
δ-Bi2O3 based on density functional theory (DFT) calculations [44]. However, this is not 
in agreement with most experimental results and theories [43, 45]. Walsh’s theory was 
proven not wrong, but partial or conditional [46] because their calculation was based on 
a single type of oxide vacancy ordering in the defect fluorite unit cell. 
Analysis using calculations combined with DFT and molecular dynamics (MD) 
simulations was carried out by Aidhy et al. [46]. In their studies, a 2 × 2 × 2 supercell 
was employed as a simulation model. Their calculations yielded consistent results from 
DFT and MD approaches. They found that a combination of <111> and <110> vacancy 
ordering had a lower energy than any of the three individual vacancy ordering models. 
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In 2009, Mohn et al. published the simulation results of oxide-ion disorder within 
δ-Bi2O3 using a combination of reverse Monte Carlo (RMC) calculations based on high 
quality high temperature data and an ab initio Born-Oppenheimer MD calculation [47]. 
The MD calculations used a 2 × 2 × 2 fcc unit cell, while RMC calculations were 
carried out with a configuration box containing 10 × 10 × 10 fluorite unit cells. Their 
results revealed good agreement between the two simulation methods (Fig 1.16) as well 
as a model exhibiting highly asymmetric anion and electronic environments around Bi
3+
. 
Fig. 1.17 illustrates the local electronic environment around Bi
3+
, providing strong 
evidence for the stereochemical activity of the 6s
2
 lone pair electrons. 
 
Fig. 1.16 The ionic density of δ-Bi2O3 at 800C, shown as a slice through the 
(1-10) plane. (a) Simulated (MD) and (b) Experimental (RMC) analysis [47]. 
 
 
Fig. 1.17 The electron density contour map of δ-Bi2O3 at 800C showing a typical 
time snapshot from MD of electronic density in the (001) plane [47]. The thick 
(black) full line, thin (black) full line, thick grey line and dashed grey line 
represent the total O 2p, Bi 6s and Bi 6p states. 
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1.4 Stabilisation of metastable and high temperature phases in Bi2O3 
Solid state reaction of metal oxides with bismuth oxide has been proved to be a 
simple and effective way of stabilising the metastable and high temperature polymorphs 
of Bi2O3 to room temperature [3, 4, 22]. Phase stabilisation depends on the type and 
amount of the substituting metal oxide, temperature, reaction time, etc. These 
substitution reactions can lead to -, - and - stabilised phases or ordered variants as 
well as new structure types such as the Aurivillius phases.  
-phase stabilisation has been reported on reaction with a number of oxides, 
including: TeO2 [48], CeO2 [49], Sb2O3 [50], PbO [51]. Similarly, γ-phase stabilization 
can be achieved through reaction of Bi2O3 with As2O5 [52], GeO2 [53], SiO2, Al2O3 [54], 
Cr2O3 [29], CdO [55] etc.  
Stabilising the high temperature δ-phase to lower temperature (as low as ambient 
temperature) has been the subject of considerable research ever since the early 1970s. 
This research is directed at extending the temperature range of the outstanding ionic 
conductivity observed in the parent material. This work was initiated by Takahashi et al. 
[35] and thereafter selected isovalent (M
3+
) and aliovalent (M
2+
, M
4+
, M
5+
, M
6+
) cation 
substitutions were examined systematically by different research groups around the 
world.  
Shuk et al. [56] and Sammes et al. [22] published comprehensive reviews on 
bismuth oxide based solid electrolytes in 1996 and 1999 respectively. Reaction of Bi2O3 
with WO3 [57], Nb2O5, Ta2O5, Y2O3 [58] and Ln2O3 (Ln = La, Nd, Sm, Dy, Er, Yb [59], 
etc.) was shown to yield the ”stabilised” fcc phase at room temperature as well as a 
number of other phases (e.g. rhombohedral phase) depending on the Bi2O3-MOx ratio 
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and experimental conditions. The most studied systems have been the rare earth 
substituted bismuth oxides Bi2O3-RE2O3. The stabilisation of the fcc phase rather than 
the rhombohedral phase was found to be dependent on the radius of the rare earth cation 
(Fig. 1.18). 
 
 
Fig. 1.18 Formation of rhombohedral and fcc phases in rare earth substituted 
bismuth oxide. (modified from [22, 26, 60]). 
 
It was concluded that the fcc phase tends to be stabilised by cations that are of a 
smaller ionic radius than that of Bi
3+
, with Er
3+
 the optimum cation. This is illustrated 
by the minimum level of substitution required to stabilise the fcc phase, which occurs 
for Er at around 15% (Fig 1.19). This is correlated to conductivity, which shows a 
maximum for Er
3+
 substituted bismuth oxide (Fig 1.20). 
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Fig. 1.19 Minimum amount of 
substituent required for stabilisation 
of the fcc phase of Bi2O3 (xmin) as a 
function of ionic radius (rion) of the 
substituent [22, 26, 61]. 
Fig. 1.20 The conductivity of 
(Bi2O3)1-x(M2O3)x for x = xmin as a 
function of the ionic radius at 
500C (solid circle) and 700C 
(open circle) [22, 26, 62]. 
 
Double substitution of Bi
3+
 by two metal cations has also been reported to be 
successful in stabilising the fcc phase to room temperature in the systems 
Bi2O3-Nb2O5-Y2O3 [ 63 , 64 ], Bi2O3-PbO-Y2O3 [ 65 ], Bi2O3-PbO-Er2O3 [ 66 ] and 
Bi2O3-ReOx-RE2O3 (RE = rare earth La, Nd, Eu, Er and Y) [67]. Punn et al. reported 
that enhanced conductivities at intermediate temperatures (300 to 400C) were observed 
in the Bi2O3-ReOx-RE2O3 systems (RE = La, Nd and Eu) [67]. 
Overall, no higher conductivity has been reported in a stabilised fcc phase than that 
of pure δ-Bi2O3 between 730 and 825C. As discussed by Takahashi et al., substitution 
of Bi
3+
 in Bi2O3 generally results in poorer conductivities. The activation energy 
increases almost proportionally to the amount of substituent and are at higher levels for 
supervalent cations (Fig 1.21) [58]. 
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Fig. 1.21 Relationship between composition and activation energy for ionic 
conduction in the fcc phase of the system Bi2O3-M2O5 and Bi2O3-M2O3 [58]. 
= V
5+
,  = Nb
5+
,  = Ta
5+
,  =Y
3+
 and  =Gd
3+
. 
 
In the following chapters the structure conductivity relationships in a number of 
substituted bismuth oxide based systems, that exhibit both ordered and disordered 
fluorites structure, are examined. 
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Chapter 2 Introduction to Experimental Methods 
 
2.0 Summary 
A number of methods have been used to characterise the materials synthesised in 
the present work, including X-ray and neutron diffraction, a. c. impedance spectroscopy 
and differential thermal analysis. This chapter introduces the background to these 
characterisation methods as well as the solid-state methods used in synthesis. Details of 
the samples synthesised as well as the general synthetic method are given along with 
instrumental and operational parameters for the characterisation methods. Specific details 
for the studied systems are given in the subsequent chapters.  
 
2.1 X-ray and neutron diffraction techniques 
 
2.1.1 Introduction to diffraction  
Diffraction methods are commonly used for crystal structure analysis [1]. X-rays 
and neutrons are both forms of radiation that can be characterised as possessing wave-like 
behaviour. Waves are scattered when they meet an obstacle along their propagation 
pathway [2]. The scattered waves may interfere constructively or destructively and this 
interference pattern reflects the arrangement of the obstacles in space. In the case of a 
3-dimensional periodic structure, constructive interference of scattered waves leads to the 
observation of diffraction, when the wavelength of the radiation used is comparable to the 
spacing between obstacles. 
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Crystalline materials are periodically ordered solids. This order is associated with 
the existence of translational periodicity, whereby an atom, or a group of atoms forming 
the basic repeating unit (unit cell), when translationally repeated in a periodic form in all 
directions of the dimensional space in which the crystal is defined, thereby generates the 
whole crystal [3]. The unit cell of a crystal is the simplest repeating unit of a crystalline 
structure and is defined by three translations a, b and c, and three angles ,  and  [4] 
(Fig. 2.1)  
 
Fig 2.1. Unit cell in three-dimensional space.  
The interatomic distances in crystals are in the order of 1 to 2 Å. Therefore, X-rays, 
neutrons and electrons with wavelengths of approximately 1 Å are commonly used in 
crystallographic experiments.  
 
2.1.2 X-ray diffraction  
X-rays were first discovered by Röntgen in 1895 and shortly after, the diffraction of 
X-rays was demonstrated by von Laue, Friedrich and Knipping in Munich in 1912 [5]. In 
1913 W. L. Bragg [6] suggested that the diffraction of X-rays by a crystal could be 
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interpreted as reflections of monochromatic incident beams by crystal lattice planes, 
which act as semi-transparent mirrors. Consider two parallel monochromatic X-ray 
beams striking atoms in parallel adjacent planes in the lattice at an angle  (Fig.2.2). The 
separation between planes is given by the perpendicular distance d. Beam 1 strikes an 
atom in the upper layer and will be scattered by the electrons surrounding this atom in 
various directions. Similarly beam 2 strikes an atom in the layer below and is scattered by 
its electrons. To be seen to emerge from the crystal the scattered X-ray beams (1' and 2') 
must interfere constructively. In order to achieve constructive interference, the additional 
distance travelled by beam 2 compared to beam 1 must be equal to an integral multiple of 
the wavelength, . This difference in path length (AC + BC) is easily calculated using 
trigonometry as 2d sin. Therefore the condition for constructive interference of the 
scattered waves 1' and 2' is nλ = 2d sin θ and is known as Bragg’s law. 
 
 
Fig 2.2 Two parallel X-ray beams (1 and 2) striking atoms in parallel planes 
separated by distance d (modified from Fig. 14 in [3]). 
 
 
n is the order of reflection and has integer values. In modern usage n is incorporated into 
the Miller indices (h, k, l), which are used to designate particular sets of lattice planes 
(Eqn. 2.1). 
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λ = 2dhkl sinθhkl (2.1) 
 
2.1.3 X-ray powder diffraction 
In order for a particular set of lattice planes defined by the Miller indices h, k and l 
to exhibit diffraction of monochromatic X-rays, they must be orientated at the correct 
angle θhkl with the incident radiation. In the case of a single crystal, this is achieved by 
moving the crystal and or the X-ray beam so as to satisfy Bragg’s Law. In the powder 
diffraction method, a monochromatic incident beam bombards a finely powdered sample. 
In a powdered sample there are many crystallites, which are randomly orientated. Thus at 
any one time some of the crystallites will be correctly orientated with respect to the 
incident beam so as to satisfy Bragg’s law for every set of lattice planes.  
Powder X-ray methods were developed by Debye and Scherrer in Germany and 
independently by Hull in the United States in 1914. The Debye-Scherrer technique may 
be classified as a fixed wavelength method, in which the Bragg angle  is varied by 
having a sufficiently large number of randomly oriented crystals in the specimen, such 
that some of the hkl planes in some of them will be orientated, by chance, at the 
appropriate Bragg angles for reflection [7]. Each set of planes corresponding to a 
particular d-spacing reflects at an angle 2 to the incident beam and thus all the reflected 
beams lie on a cone of angle 2 about the incident beam (Fig. 2.3). The reflection angles 
 depend on the wavelength λ and the interplanar spacings in accordance with Bragg’s 
Law. The spacings in turn depend on the dimensions of the unit cell. The relative 
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intensities of the reflections depend on the kind of atoms, with heavier atoms, which 
possess greater numbers of electrons showing stronger scattering than lighter atoms, as 
well as the positions of the atoms in the unit cell. Consequently, crystalline substances 
possess unique powder diffraction patterns and this feature can be used as a “fingerprint” 
for the identification of crystalline solids [8]. 
 
Fig. 2.3 Debye-Scherrer diffraction geometry. 
 
 
2.1.4 Neutron diffraction 
In 1932, Sir James Chadwick at Cambridge proved that neutrons existed by 
correctly interpreting experiments carried out by Joliot-Curie and other scientists. 
Chadwick recognised that Joliot-Curie had produced free neutrons by the interaction of 
α-particles with beryllium nuclei. When this newly discovered radiation was passed 
through paraffin wax, detectable protons were produced. Based largely on the 
conservation of mass, Chadwick realised that this new radiation was the neutron. Table 
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2.1 summarises some of the physical properties of neutrons [9]. 
 
Table 2.1 Some physical properties of thermal neutrons [9]. 
 
Symbol n
0 
Spin 1/2 
Actual Mass m = 1.6749  10-27 kg 
Actual Charge 0 
 
According to de Broglie’s Quantum Theory [10, 11], the wavelength of neutrons 
relates to their mass (1.6749  10-27 kg) and velocities as in Eqn. 2.2. Therefore, the 
neutrons generated from reactors or pulsed sources at certain speeds can be in useful 
ranges for diffraction experiments. 
mv
h
  (2.2) 
The scattering power (scattering length b for neutrons or scattering factor f for 
X-rays) of an atom towards neutrons is different than it is towards X-rays. This is mainly 
because neutrons are scattered through interaction with atomic nuclei rather than atomic 
electrons as occurs with X-rays, making the relationship between the neutron scattering 
length of an atom and its atomic number weak (Fig. 2.4). The values used in Fig. 2.4 are 
the coherent scattering lengths reported by Koester, Rauch and Seymann [12], which is a 
summary of neutron scattering lengths measured by different scientists using different 
methods. The first comprehensive study of neutron scattering length data was carried out 
by Fermi in 1947 [9]. Of particular interest is the fact that values of b can be positive or 
negative and that some lighter atoms have relatively large values of b relative to heavier 
atoms. The scattering cross-section of a nucleus can be defined by Eqn. 2.3. 
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24 b   (2.3) 
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Fig. 2.4 Neutron Scattering lengths, b, for neutral atoms. 
 
With X-rays, scattering power is a function of atomic number and therefore light 
atoms will diffract X-rays quite weakly. This means that in systems containing light and 
heavy atoms such as metal oxides, X-ray scattering will be dominated by scattering from 
the heavy atoms. In contrast, in neutron diffraction the scattering lengths are not 
correlated to atomic number and it is often easier to locate light atoms in the presence of 
heavier ones. Another advantage of this method is the ability to distinguish between 
neighbouring elements in the periodic table such as manganese and iron or cobalt and 
nickel as they have similar X-ray scattering power, but different neutron scattering 
lengths. Additionally, the nuclear dependence of scattering allows isotopes of the same 
element to have different scattering lengths. This allows for experiments involving 
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isotopic substitution for example allowing for reaction mechanisms to be determined. 
A further difference between X-ray and neutron scattering is the variation of 
scattering with the Bragg angle, . The size of the electron cloud surrounding an atom, in 
the order of 10
-10
 m, is very much greater than the size of the nucleus, in the order of 10
-15
 
m. This means that the size of the electron cloud is comparable to that of the X-ray 
wavelength. As a result, a wave scattered from one part of the atom (point O in Fig. 2.5) 
has a different path length (AO + BO) to one scattered by another part (point O) of the 
same atom. This difference leads to destructive interference and consequently a reduction 
in diffraction intensity.  
 
 
Fig. 2.5 Variation in X-ray path length in a single atom. 
 
 
As the Bragg angle increases, the extent of destructive interference increases. Fig. 
2.6 graphically illustrates the variation of scattering power with wave vector Q for 
bismuth, where the absolute value of Q is defined as Eqn 2.4: 
 

 sin4
Q  
 
(2.4) 
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Fig. 2.6 Variation in X-ray scattering factor f (black line) and neutron scattering 
length b (blue line) for a neutral bismuth atom with wave vector Q.  
 
Neutrons interact with the nucleus of an atom quite weakly making them a highly 
sensitive and non-destructive probe that penetrate deeply into a material and allow for the 
investigation of the bulk of a material rather than its surface. Neutron diffraction is also a 
powerful technique for the study of magnetic structure. Neutrons possess a spin of ½ and 
therefore, have a magnetic dipole moment that can interact with unpaired electrons 
(mostly in d or f orbitals) giving rise to an additional scattering effect. In diffraction 
experiments, where magnetic ordering may occur over different length scales to the 
crystallographic ordering, this gives rise to magnetic superlattice peaks in the diffraction 
pattern. A summary of the relevant properties of X-rays and neutrons for use in 
diffraction studies is given in Table 2.2. 
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Table 2.2 Comparative properties of X-rays and neutrons for diffraction studies [1]. 
 
Property X-rays Neutrons  
Wavelength Characteristic line 
spectra (e.g. Cu Kα = 
1.54 Å ). 
Wavelength band such as (1.1 ± 
0.05) Å separated out from 
Maxwell spectrum.  
Absorption prohibitive for long 
λ. 
Long wavelengths often of 
advantage. 
Energy, 
for λ = 1 Å 
10
18
 h. 10
13
 h, i.e. the same order as 
energy quantum of crystal 
vibrations. 
General 
nature of 
scattering by 
atoms 
Electronic. Nuclear. 
Form factor dependence on 

sin
. 
Isotopic.  
Angular-dependent polarization 
factor. 
No angular-dependent factor 
Regular increase of scattering 
amplitude with atomic number, 
calculable from known electronic 
configurations. 
Irregular variation with atomic 
number. Dependent on nuclear 
structure and only determined 
empirically by experiment. 
No difference between isotopes. 
 
Amplitude differs with isotopes 
and depends also on nuclear spin, 
giving isotope and spin 
incoherence. 
Magnetic 
Scattering 
No additional scattering. Additional scattering by atoms 
with magnetic moments: 
(1) diffuse scattering by 
paramagnetic materials 
(2) coherent diffraction peaks for 
ferromagnetic and 
anti-ferromagnetic materials. 
Thermal 
effects 
Reduction of coherent scattering by Debye exponential factor. 
Absorption 
coefficient 
Large, μ ~ 102-103, increasing 
with atomic number. 
Very small, less than scattering μ 
~ 10
-1
. Varies with isotopes. 
Detector Photographic film. Geiger 
counter. Solid State Detectors 
BF3, 
3
He counters, Solid State 
Detectors  
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2.1.5 Diffuse scattering 
The phenomenon of diffuse scattering was observed as early as 1913 by Friedrich 
in an X-ray study of KCl, who found that there were weak radial streaks in the pattern 
along the Laue spots [13]. Debye initiated the theoretical work on diffuse scattering 
between 1913 and 1914 and predicted that atomic vibration would lead to a continuous 
contribution to single crystal X-ray scattering [14]. Progress in this research area was 
slow and detailed experimental investigations were not reported until 1939, with work 
carried out independently by Laval and Preston [15, 16]. Diffuse scattering had always 
been taken as evidence of some type of general crystal imperfection before Lonsdale and 
Smith in 1941 [17] recognised the symmetry of diffuse patterns. 
In 1984, Lovesey proposed the now generally agreed definition of diffuse scattering 
(Eqn. 2.5) as all coherent scattering that is not Bragg scattering, where coherent scattering 
is scattering containing information on the correlations between the atoms, and hence 
exhibits interference effects from these [18,19].  
Braggcohdiff d
d
d
d
d
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








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 (2.5) 
where σ is the cross-section defined in equation 2.3, and Ω is the solid angle. 
Therefore, diffuse scattering contains information on the deviation from the average 
structure as it arises from any temporary or permanent breakdown of space group 
symmetry. Diffuse scattering can occur anywhere in reciprocal space, including beneath 
Bragg peaks. In diffraction patterns, diffuse scattering is often observed as a broad 
undulation (Fig 2.7), which is generally weak in intensity compared to Bragg peaks and 
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in crystalline systems is regarded as part of the background scattering.  
 
 
 
Fig. 2.7 Comparison of the features of Bragg diffraction and diffuse scattering. 
 
Currently, in conventional structural studies of crystalline materials using powder 
diffraction, refinement of the structure model is against the Bragg scattering only (see 
section 2.2.1). However, analysis of the Bragg scattering yields only the spatially and 
time averaged structure. As a result, structure refinement provides information describing 
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only average coordinates of the atomic sites and the average thermal displacements from 
them. The limitation of Bragg scattering is obvious in that correlated atomic 
displacements, which are commonly seen in defective crystalline materials, are 
unobtainable. Diffuse scattering can extend the scope of structural analysis as it contains 
information on pair correlations over the whole space range [19].  
Analysis of diffuse scattering, in addition to that of the Bragg scattering, is 
becoming an important part of research on defects in crystalline materials, where the 
short-range structure differs significantly from the long-range average structure because 
of local disorder. 
 
 
2.1.6 Neutron sources 
In the work presented in this thesis, neutron diffraction experiments have been 
carried out at the Institut Laue-Langevin (ILL), which utilises neutrons from a nuclear 
reactor and at ISIS, which uses a pulsed neutron source. Each of these sources will now 
be discussed. 
 
2.1.6.1 Nuclear reactor sources 
At the ILL, neutrons are generated in a high-flux reactor (HFR) from the fission of 
the nuclei of the isotope 
235
U. Fig. 2.8 [20] shows the reactor core and the cold sources of 
the HFR at ILL. After the break up of 
235
U nuclei, neutrons are released in the 
fuel-element core (No. 6) and then moderated in the reflector tank. Neutrons at different 
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energy levels can be generated during the moderation according to the requirements of 
wavelength or equivalent temperature. Moderated neutrons are then conducted to 
different instruments via guide tubes. 
 
 
1. The safety rod 
2. The neutron guide pool  
3. The reflector tank 
4. Double neutron guide 
5. Vertical cold source 
6. The reactor core 
7. Horizontal cold source 
8. The control rod 
Fig. 2.8 Plan of the high flux reactor core at ILL [20]. 
 
 
2.1.6.2 Pulsed neutron sources 
 
2.1.6.2.1 Generating pulsed neutrons 
Pulsed neutrons must be produced by nuclear reactions at a pulsed source. As 
neutrons are fairly easily obtained from reactions involving heavy nuclei, the most 
common sources of pulsed neutrons are: photo-neutron production from deceleration of 
electrons, fission of heavy nuclei (heavier than bismuth) into two large pieces and proton 
spallation at heavy metal targets. Table 2.3 summarises the three pulsed neutron 
production methods. [21] 
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Table 2.3 Three common pulsed neutron production methods. 
 
Methods Electrons Fission Proton spallation 
Reaction 
bremsstrahlung + 
photo neutrons 
fission spallation 
Typical incident 
particle energy 
100 MeV - 800 MeV 
Neutron yield 5  10-2 n/e- 1 n/fission 30 n/proton 
Energy deposition 
per neutron 
2000 MeV 180 MeV 55 MeV 
 
The neutron source at ISIS at the Rutherford Appleton Laboratory is of the proton 
spallation type. The word spallation is derived from the verb to spall (to splinter). Pulses 
of protons are accelerated through a synchrotron accelerator to a very high energy level of 
800 MeV to be comparably heavy to the nuclei targets and then fired at a heavy metal 
target (tantalum in this case). The high-energy protons splinter through the nuclei and 
leave behind a trail of particles as well as exited nuclei. The neutron yield of this method 
is very high (~ 30 neutrons per proton) [21]. The neutron flux (i.e. the neutron density 
variation with energy) shows a Maxwellian distribution, as shown in Fig 2.9.  
 
 
Fig. 2.9 Theoretical Maxwellian neutron flux distributions as a function of 
wavelength. 
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2.1.6.2.2 Time-of-flight method for diffraction and resolution in diffraction 
Diffractometers on pulsed neutron sources generally employ a variable 
wavelength/fixed angle scan. The variation of wavelength arises due to the time 
distribution of neutrons arriving at the detector following the initial pulse and hence this 
is known as the time-of-flight method. A time-of-flight powder diffractometer is 
illustrated in Fig. 2.10. Moderated neutrons are scattered after hitting the sample S and 
then counted by the detector at a certain scattering angle 2θ. Neutrons are recorded as a 
function of time-of-flight by the time-of-flight analyser. The distance between the 
moderator and the sample is L0, with the detector located at a distance L1 from the 
sample. 
 
Fig. 2.10 Schematic diagram of the time-of-flight powder diffractometer 
(adapted from [21]). 
 
The total flight time is given as Eqn. 2.6 assuming there is no energy transfer 
during the scattering process. L is, therefore, the total flight path. 
k
Lm
LL
m
t

 )( 10  (2.6) 
As the scattering vector value Q = 2ksin θ, Q can be expressed as Eqn. 2.7. 







t
Lm
Q
sin2

 (2.7) 
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The overall resolution is defined as equation 2.8, in which there are three 
independent variables: time, flight path and scattering angle. 
 
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For a properly designed time-of-flight diffractometer, the three variables contribute 
equally to the resolution. This simplifies equation 2.8 to 2.9.  







 cot333
L
L
R  (2.9) 
In the case of the Polaris diffractometer used in the present study, L = 14.5 m (L = 
(12 + 2.5) m). The resolution of the diffractometer can be calculated as 0.33%, assuming 
the distance uncertainty ΔL is equal to the moderator effective thickness δm ≈ 28 mm 
[21]. 
 
 
2.1.7 Neutron diffractometers 
 
2.1.7.1 Polaris diffractometer at ISIS (RAL) 
Most of the neutron diffraction data presented in this work were collected on the 
Polaris diffractometer at ISIS. Polaris is a powder neutron diffractometer with medium 
resolution and high intensity. Its resolution is around 0.33% as the sample position is 12.0 
m from the moderator. The resolution varies depending on distance between the particular 
detector and the sample. There are four groups of detectors that are A (low angle), B (very 
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low angle), C (back-scattering) and E (90) as in Fig. 2.11. Detectors A and C are 3He 
detectors and B and E are ZnS detectors. The back-scattering detectors have the highest 
resolution among the four. 
This instrument gives high data intensity particularly at short neutron wavelengths. 
Data are collected over a wide Q range (between 0.3 to 31.4 Å
-1
), which benefits the total 
scattering analysis. 
 
 
2.1.7.2 High resolution powder diffractometer (HRPD) at ISIS (RAL) 
The HRPD diffractometer at ISIS was used to carry out powder neutron diffraction 
experiments for selected samples. As discussed in section 2.1.6.2.2 the resolution depends 
on the total flight path of the neutrons. The resolution of HRPD is exceedingly high (ca. 
0.03%), because HRPD (Fig. 2.12) has a long flight path of ca. 100 metres [22]. The 
design of the HRPD instrument is illustrated in Fig 2.12. Two sample positions are 
nominally available (1 m and 2 m), although the majority of work is carried out in the 1 
m position. There are three banks of detectors located at 30 (low angle), 90 and 168 
(backscattering) respectively. The back-scattering bank detectors are used to obtain the 
highest resolution data, while the low angle bank of detectors measure long d-spacing 
(2.2  16.5 Å) data.  
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Fig. 2.11 Schematic diagram of the POLARIS diffractometer [23]. 
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Fig. 2.12 Schematic diagram of the HRPD diffractometer [22]. 
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2.1.7.3 D2B diffractometer at ILL 
The instrument D2B at ILL has also been used to collect neutron powder 
diffraction data on selected samples. D2B is a high-resolution two-axis diffractometer. 
Fig. 2.13 shows the design of this instrument. The instrument is typically used in 
constant wavelength mode. The wavelengths at 1.051Å, 1.277Å, 1.464Å, 1.594Å, 
2.398Å and 3.152Å can be obtained by rotation of the single crystal Ge 
monochromator [24]. 
 
 
Fig. 2.13 Instrument layout for D2B at ILL [25]. 
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2.2. Analysis of powder diffraction data 
 
2.2.1 The Rietveld method 
The Rietveld method is a technique for structure refinement, which involves 
modelling of the whole diffraction profile [26]. This method was proposed by Hugo 
Rietveld in 1969 [27] for analysing complex diffraction patterns by means of a 
curve-fitting procedure. In the Rietveld method, the calculated structure factors along 
with the peak shape, background and instrumental parameters are used to calculate the 
intensity of a given point yi in the diffraction profile (Eqn 2.10).  
  
k
kiki Icaly  2,2)(  (2.10) 
Ik is the integrated intensity for reflection k and Ω(2θi, 2θk) is the function describing 
an individual profile [28].  
In the Rietveld method, least squares refinement is carried out until the best fit is 
obtained to the observed powder diffraction pattern. The least-squares refinement 
minimises the difference between the observed and calculated profiles rather than 
individual reflections. Usually the weighted profile residual (Rwp) is the function that is 
minimised (Eqn. 2.11) [27]. 
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Where wi is the weight of an individual profile point and is typically 1/yi(obs). The 
Rietveld method is a powerful tool for structural analysis of polycrystalline materials 
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and has been used successfully for the structural characterisation of countless numbers 
of compounds.  
In the Rietveld method only the Bragg reflections contribute to the structural 
model and the background containing any diffuse scattering is normally fitted using a 
polynomial or similar function. The GSAS suite of programs [29] was used to carry 
out the Rietveld whole profile fitting for the analysis of the Bragg reflection data for 
the work present in this thesis. Two types of constraints were applied to the isotropic 
thermal parameters and the O site occupancies within the refined models.  
All the thermal parameters in the models presented in this thesis were refined 
isotropically. The thermal parameters (Uiso) of the cation sites were tied to the same 
value whilst being refined. The thermal parameters of all the oxide ions were also tied 
to the same value although the sites were crystallographically independent.  
O site occupancies were constrained in order to maintain the stoichiometric 
formulae in the unit cell. As described in chapter one, in the fluorite cubic models for 
substituted bismuth oxides, the cations are located on the 4a sites, while the oxide ions 
can be distributed at three different sites: O (1) (8c) at ¼, ¼,¼, O(2) (32f) at ca. 0.3, 
0.3, 0.3 and O (48i) at ca. ½, 0.2, 0.2. When only two sites of oxide ion sites were 
occupied, a simple linear constraint was employed so that when the amount of oxide 
ion scattering increased on one site, the amount of oxide ion scattering on the other site 
decreased accordingly. If oxide ion occupancies were observed on all three sites, a 
more complex model was used because a simple linear constraint as implemented in 
the GSAS program cannot describe the relationship of more than two sites, which are 
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associated. In this model, a dummy O site (normally 8c) was inserted and named as 
O1a. Linear constraints were applied between the four atoms as follows: 
XO2 = -XO1/4 (2.12) 
XO3 = -XO1a/6 (2.13) 
where X is the change in fractional occupancy (X) of a particular oxide ion site 
between refinement cycles. Therefore, the total number of oxide ions per unit cell is 
equal to 8(XO1 + XO1a) +32XO2 + 48XO3.  
The next section describes how more advanced techniques can used to model 
both the Bragg and diffuse scattering. 
 
2.2.2 Structure factors and the phase problem 
The scattering of an individual atom is described by the scattering factor f in 
X-rays and the scattering length b in neutrons. As mentioned above, the intensities of 
diffracted peaks are also dependent on the positions of atoms in the unit cell described 
by the atomic fractional coordinates x, y, z and their contribution to scattering from 
individual lattice planes defined by the Miller indices h, k, and l. The scattering from 
an individual set of lattice planes is described by the structure factor Fhkl (Eqn 2.14).  
    



nr
r
rrrrrrrhkl lzkyhxilzkyhxfF
1
2sin2cos   (2.14) 
where n is the number of atoms in the unit cell; xr, yr, and zr are the fractional 
coordinates of atom r; fr is the scattering factor of atom r at a Q value corresponding to 
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the particular h, k, l reflection (equivalent to the scattering length, b, in neutron 
diffraction). 
The intensities of diffraction peaks are related to the structure factor by Eqn 2.15. 
Ihkl  (Fhkl)
2
 (2.15) 
Equation 2.15 shows that while the magnitude of structure factors can be 
established directly from diffraction data, the phase of the structure factor is unknown. 
This is known as the phase problem of crystallography and is the reason why structure 
analysis involves refinement of a crystallographic model through minimisation of the 
difference between observed and calculated structure factors or in the case of powder 
diffraction, observed and calculated diffraction profiles.  
 
2.2.3 Total scattering methods 
According to the definition of diffuse scattering given by Lovesey, (Eqn. 2.5), 
the total scattering can be understood as the summation of Bragg diffraction and 
diffuse scattering as in equation 2.16. Therefore, total scattering from crystalline 
materials includes information on long-range average structure (lattice parameters and 
average positions of atoms), as well as short-range structure (fluctuations of the atomic 
arrangement from the average structure, i.e. local disorder).  
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 (2.16) 
The total scattering intensity is given by equation 2.17 [30]:  
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N is the number of atoms in the material; F(Q) is the total scattering structure factor, cj 
is the fraction of j atoms over all atoms. The product 24 jj bc  represents the total 
scattering cross-section for atoms j and the summation over all n atom types gives the 
total scattering cross-section of the material. 
Dove et al. [ 31 ] described the phrase “total scattering” generally as a 
measurement of the scattering of radiation by matter that covers all scattering vectors 
and includes scattering with all possible changes of energy of the radiation. 
As discussed above, total scattering methods include both Bragg and diffuse 
scattering. The basic aim is to define a structure properly by the relative positions of 
atoms. A formal language has been proposed, which uses two particle and higher-order 
correlation functions, to describe the relative positions of atoms [32]. Keen [33] 
reviewed these correlation functions and the relationships between them. For ease of 
description, correlation functions are introduced below based on neutron diffraction. 
The equivalent functions for X-ray diffraction are subsequently presented in a 
modified manner. 
 
2.2.3.1 Correlation functions based on neutron scattering 
The total correlation function for neutron scattering, T(r), is defined as in 
equation (2.18).  
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Where r is the spatial radial distance; ρ0 is the average number density (in atoms·Å
-3
) 
as given by: 
VN /0   (2.19) 
and the differential correlation function D(r) is as defined in equation 2.20. 
   rGrrD 04   (2.20) 
G(r) is the total radial distribution function and can be considered to be the sum 
of the partial distribution functions g(r). 
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where gm,n (r) is the partial radial distribution function defined by the number of 
particles of type n within the distance r + dr from a particle of type m as in equation 
2.22, 
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where ρj = cjρ0. 
G(r) is related to the total scattering function S(Q) as in Eqn 2.23: 
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The total scattering structure factor F(Q) and total radial distribution function 
G(r) are related to each other by Fourier transform, equation 2.24. 
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For powder diffraction of crystalline powders, the scattering of the system 
depends only on the value |Q| rather than the direction of Q and over all orientations of 
Q can be averaged relative to the vector rh – rk. Therefore, the total scattering function 
is the Debye result from the average over all orientations of wave factor Q, (Eqn. 2.25). 
[31] 
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A normalized structure factor is also often quoted: 
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2.2.3.2 Correlation Functions Based on X-ray Scattering 
As discussed in section 2.1.4, the equivalent of the neutron scattering length in 
X-ray scattering is the X-ray scattering factor fi(Q). The functions below introduced 
with a superscript X are X-ray correlation functions. By exchanging the coherent 
scattering length in Eqn 2.17 with scattering factor fi(Q), structure factor F
X
(Q) may be 
obtained as in:  
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The Fourier inverse of F
X
(Q) gives the total radial distribution function G
X
(r). 
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Keen [33] simplified the above function to  
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where, Ki is the effective number of electrons for species i. 
 
2.2.3.3 Coordination numbers 
Coordination numbers can be obtained from total radial distribution functions if 
all the individual peaks are known to be from particular atom pairs. It is easier and 
more accurate to integrate the pair distribution functions gij(r) over r, as Eqn. 2.30. 
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2
1
0
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r
r
ijj drrgcr   (2.30) 
This determines the number of atoms of type j between distances r1 and r2 from 
an atom of type i. 
 
2.2.4 Reverse Monte Carlo (RMC) modelling 
In 1988 McGreevy and Pusztai [32] published their newly developed reverse 
Monte Carlo (RMC) method, which was designed to produce three-dimensional 
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models that are consistent with experimentally measured structure factors. The RMC 
method was initially devised for application to the structures of liquid and amorphous 
systems. In recent years, this method has been applied to the structural analysis of 
polycrystalline materials [34] with the aim of characterising local order through 
inclusion of diffuse scattering data in addition to the average structure from the Bragg 
scattering. 
RMC is a general simulation method based on experimental data, therefore the 
models can be simulated without bias. The procedure is a variation of the standard 
Metropolis Monte Carlo simulation [19], and is based on the random sampling of atom 
positions to drive structural models to be as consistent with the experimental data as 
possible. The process involves an arrangement of N atoms (the configuration) that are 
generated within certain ranges in a three-dimensional box (a  b  c). Some of the 
atoms are selected randomly and moved a random amount, under periodic boundary 
conditions. Each time, the difference (usually of the structure factors) between the new 
model and the data are recalculated, and only the difference minimizing movements 
are accepted otherwise the movements are rejected. The RMC simulation procedure 
used in the present work is summarised below. 
1. Generation of the configuration of the system. N atoms are arranged in a 
three-dimensional box. In the RMC calculations presented in this thesis, the box is 
based on the unit cell obtained from the Rietveld refinements and made by 
generating a 10  10  10 supercell of the crystallographic cell. As the unit cell of 
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the fluorite Bi2O3 system is cubic, the box for the system is consequently cubic too, 
although theoretically it can be in any shape.  
2. Calculation of the correlation functions from the atom positions in the 
configuration. In this case, they are S(Q), G(r), IBragg (Q) and GO-O(r) (where, 
IBragg(Q) is the intensity of Bragg scattering profile and GO-O(r) is the pair 
distribution function for O-O pairs).  
3. Calculation of the difference ( 2 ) between the measured correlation functions and 
the functions calculated from the configuration. Each correlation function is 
calculated individually as in Eqn.2.31 (that for S(Q) is shown). 
      2
2
1
exptcal
2
)( i
n
i
iiQS QQSQS  

  (2.31) 
Where the summation is over all n experimental data points, each with error σ(Qi) 
[19]. In the case of the other correlation functions, Scal(Qi) and Sexp(Qi) are 
replaced accordingly. 
The overall comparison between the calculated functions and experimental 
data is obtained by summing the individual 2  functions (Eqn. 2.32). 
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Where fj are constraints applied to the RMC calculation and the error σj can be 
adjusted to adjust the weighting for a particular constraint.  
4. Atom movements. One atom is selected at random. This atom is moved randomly 
in both direction and distance, which generates a new configuration. From the new 
configuration, a new set of correlation functions are calculated. If the value of 
2 is lower than its previous value and the model satisfies the constraints, e.g. the 
minimum distance to other atoms in the system, the movement is accepted and 
saved. Otherwise, the atom is returned to its previous position.  
5. Cycling. The calculations and movements are repeated by returning to step 3. This 
procedure continues until the 2  value reaches equilibrium. At this point, the 
model can be said to have converged.  
In the case of multiple data sets (e.g. X-ray and neutron diffraction data), the 
overall agreement parameter 2all  includes a summation over all data types (Eqn. 
2.33). 
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
m
mall
22   (2.33) 
Where χm is the agreement factor for data type m. 
The program used to carry out the RMC modelling in the work presented to 
was RMCprofile [31,35]. 
 
 
2.3 Alternating current (a.c.) impedance spectroscopy 
 
2.3.1 Basics 
Impedance spectroscopy (IS) is a method of evaluating many of the electrical 
properties of materials and their interfaces including ionic, semiconducting and mixed 
electronic-ionic materials [36]. Measurements to charaterise the conducting behaviour 
of solid electrolyte or electrode materials are usually made with cells of regular 
geometric shape. In the standard two-probe experiment two identical electrodes are 
applied to parallel sides of the sample. Typically for solid samples, a cylindrical pellet 
or rectangular block is used. Measurements can be made under vacuum or various 
atmospheres over wide temperature ranges depending on requirements.  
The general approach for a.c. impedance spectroscopy is to observe the response 
to an alternating voltage through measurement of impedance (complex resistance). 
Typically, this involves the application of a range of single-frequency voltages and 
measurement of impedance in the frequency domain. Measurements are normally 
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carried out over a broad frequency range, which in the present work was 1 Hz to 1 
MHz.  
On application of an applied alternating voltage, an alternating current is 
produced which is shifted in phase from the voltage by angle  (Fig. 2.14). This phase 
difference is attributed to the delay in the electrical response of the sample to the 
applied voltage.  
 
Vw  
I w
V 0
I 0
 w
 2 3 4 5 6
 
Fig. 2.14 Schematic diagram showing the waveforms of alternating voltage (Vw) 
and current (Iw) in a.c. impedance measurements. V0 and I0 are the amplitudes 
of voltage and current wave functions. 
 
The conventional definition of impedance is: 
 
 
 ti
tv
I
V
Z 
w
ww  (2.33) 
where v(t) = V0 sin(wt) is a monochromatic signal at frequency of w/2π applied to the 
system and i(t) = Imsin(wt + θ) is the measured resulting steady state current. θ is 
therefore the phase difference between the voltage and the current. When θ is zero the 
impedance Z(w) represents purely resistive behaviour.  
Since the voltage and current alternate periodically as determined by the applied 
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frequency, they can be described by complex quantities including real and imaginary 
components. Assuming a linear response to the applied voltage (as occurs at low 
applied voltages) then the waveforms can be considered to be sinusoidal and can be 
described by vector quantities (Eqns. 2.34 and 2.35)  
       tieVtitVtV wwww 00 sincos,   (2.34) 
       wwww  tieItitItI 00 sincos,  (2.35) 
In order to simplify the handling of the impedance of an a.c. circuit with multiple 
components, Heaviside (in 1886) [37] adapted the complex exponential functions (2.34 
and 2.35 above) to the study of electrical circuits. In the complex form impedance may 
be described as: 
  "'
)(
)(
jZZeZ
I
U
Z j  
w
w
  (2.36) 
where cos' ZZ  and sin'' ZZ  . When  = 0, Z' = Re and when  = /2, 
Cw
1
'' Z . Re is the frequency independent resistance and C is the capacitance. 
Thus the magnitude and direction of a planar vector in a right-hand orthogonal 
system of axes can be expressed by the vector sum of the components Z' and Z''. This 
vector quantity Z(w) can be plotted in the plane with either rectangular or polar 
coordinates as shown in Fig. 2.15. Measurement of the impedance magnitude |Z| and 
phase  allows for the calculation of the real and imaginary parts of impedance, Z' and 
Z'' respectively. 
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Fig. 2.15 Complex impedance spectrum for an ionic conductor [38]. The value of 
R1 is the bulk contribution from microcrystalline conductor (intra-grain), the 
value of R2 represents the total resistance, while R3 is grain boundary resistance. 
 
 
2.3.2 Elementary analysis of impedance spectra 
Fig. 2.16 shows idealised a.c. impedance spectra for simple electrical elements 
on their on own in a cell. These elements are the components with which the spectra 
can be simulated and fitted to equivalent circuits.  
Using the basic components shown in Fig. 2.16 it is possible to model real 
systems using an equivalent circuit made up of these individual components. For 
example, the impedance spectrum shown in Fig. 2.15 was modelled as a combination 
of resistors (R), capacitors (C), constant phase elements (CPE) and a Warburg 
impedance element (W), (Fig 2.17). The components are connected either in parallel or 
in series. 
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Fig. 2.16 Electrical elements and their respective impedance spectra modified 
from [39]. 
 
 
Fig. 2.17 Equivalent circuit used to model the impedance spectrum shown in Fig. 
2.15. Adapted from [38]. 
 
The process of electrical measurements and analysis is summarised in Fig 2.18. 
The modelling programme used in this work is FIRDAV developed by Dr J. Dygas 
[38]. 
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Fig 2.18 Impedance measurements and analysis, modified from [39]. 
 
 
2.4 Thermal analysis 
In the present work, Differential Thermal Analysis (DTA) has been used to 
monitor solid-state reactions and structural changes in samples during heating and 
cooling procedures. Thermodynamics dictates that any events, such as diffusion and 
nucleation of the reacting species, growing of new crystal grains, state change between 
solid and liquid, etc, are all associated with energy changes. In these cases, 
endothermic or exothermic peaks may be observed in a plot of heat-flow against 
temperature. Here a basic introduction to the technique DTA is presented. 
DTA involves the measurement of the difference in temperature between a 
sample and inert reference under identical heating regimes [40]. In a differential 
thermal analyzer, the sample and reference are placed in crucibles very close to each 
other with a single heat source (furnace), Fig. 2.19.  
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Fig 2.19 Design of sample and reference holder for DTA. 
 
The sample and reference temperatures TS and TR respectively are measured 
using thermocouples and the differential signal is therefore given by: 
ΔT = TS –TR (2.37) 
The results from DTA are usually displayed as heat flow versus temperature (Fig. 
2.20). When a thermal event occurs such as melting or a phase transition, more or less 
heat will be absorbed by the sample compared to the reference material and this is 
evidenced by either endothermic or exothermic peaks in the DTA thermogram. 
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Fig 2.20 A typical DTA curve for a Bi2O3 based polycrystalline powder sample. 
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2.5 General experimental procedures 
 
2.5.1 Synthesis  
Selected samples in binary systems Bi2O3-Nb2O5, Bi2O3-Y2O3 and  Bi2O3-PbO, , 
the ternary systems Bi2O3-Y2O3-Nb2O5, Bi2O3-Y2O3-PbO and quaternary system 
Bi2O3-Y2O3-Nb2O5-PbO were prepared using standard solid-state methods. The 
compositions studied are summarised in Table 2.4. Sources and purities of the starting 
materials are summarised in Table 2.5 
 
Table 2.4 Compositions studied in this thesis. 
 
Binary 
Systems 
Bi2O3-Nb2O5 Bi3NbO7 and Bi5Nb3O15 
Bi2O3-Y2O3 Bi3YO6 
Bi2O3-PbO Bi3PbO5.5 and Bi4PbO7 
Ternary  
Systems 
(Bi2O3)1-x(YNbO4)x 
0.1  x  0.9 in steps of 0.1  
also x = 0.167 (Bi5Nb0.5Y0.5O9.5)and 0.222

 
(Bi3.5Nb0.5Y0.5O7.25).  
Bi2.33Nb(1-x)Y x O6- x  (0  x  1) in steps of 0.2 
Bi5-xPbxYO9-0.5x  x = 0.25, 0.50, 0.75 and 1.00. 
Bi4-xPbxYO7-0.5x  x = 0.25, 0.50, 0.60, 0.70 and 1.00. 
Bi3-xPbxYO6-0.5x  
x = 0.10, 0.20, 0.25, 0.30, 0.40, 0.50 and 
0.60. 
Quaternary  
Systems 
Bi2.75Pb0.25YxNb1-xO6.875-x x = 0.2, 0.4, 0.6 and 0.8. 
 
Table 2.5 Chemicals used for the synthesis. 
 
Chemicals Provider Purity 
Bi2O3  Aldrich or Alfa Aesar 99.99% 
Y2O3  Aldrich 99.99% 
Nb2O5 Aldrich 99.9% 
PbO  Aldrich 99.99% 
                                                        

 Samples were synthesized by Mr Marcin Holdynsky in Faculty of Physics, Warsaw 
University of Technology, Poland. 
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Samples were prepared using the relevant analytically pure oxide powders (Table 
2.5), which had been previously dried at 80C. Appropriate amounts of the starting 
oxides were weighed according to the desired stoichiometry and ground together. A 
number of methods were used for grinding powders including (i) grinding for 20 to 30 
mins using an agate mortar and pestle using methylated spirits as a diluent; (ii) milling 
in a McCrone micronizing mill for 30 min using methylated spirits as a diluent and (iii) 
milling in a planetary ball mill for 12 h using toluene as a diluent. Generally the milled 
slurries were dried in air at 95C. The dried mixtures were placed in a platinum 
crucible and heated initially at temperatures around 740C for ca. 20 h, then cooled, 
reground and reheated at 800 to 1000 C for 24 h. Samples were either quenched in air 
to room temperature or slow cooled in the furnace over a period of 6 to 12 h. The 
specific synthesis details for each of the studied systems are given in the relevant 
chapters.  
 
2.5.2 X-ray powder diffraction 
All powder samples were characterised using X-ray powder diffraction (XRD). 
Three different X-ray diffractometers have been used in the present work.  
1. Philips PW 1050/30 diffractometer.  
Data were collected using Ni filtered Cu-K radiation ( = 1.5418 Å) at room 
temperature in flat plate /2 geometry, with a step width of 0.02, a scan time of 7s 
per step and delay time of 1 s for each step. Generally data were collected over the 2 
range 5-120 unless otherwise stated.  
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2. Siemens D5000.  
Data were collected using graphite monochromated Cu-K radiation ( = 1.5418 
Å) at room temperature in flat plate /2 geometry, with a step width of 0.02 and a 
scan time of 12s per step. Generally data were collected over the 2 range 5-120 
unless otherwise stated. 
3. PANalytical X’Pert-Pro.  
Data were collected using Ni filtered Cu-K radiation ( = 1.5418 Å) at room 
temperature in flat plate / geometry, with step widths of 0.0167 or 0.033 for high 
and low resolution scans respectively.  Data were typically collected over the 2 
range 5 to 120 at a step width of 0.0167 for 200 s per step on an X’Celerator detector. 
For elevated temperature studies an Anton Paar HTK-16 or an Anton Paar HTK-12 
furnace was used over the temperature range 25 to 800C in steps of 50C. Samples 
were mounted on a Pt strip inside the camera with a dwell time of 5 min per 
temperature step used to allow for temperature stabilisation.  
 
2.5.3 Neutron powder diffraction data acquisition 
Neutron diffraction data were collected on three diffractometers as follows: 
1. Polaris diffractometer. 
Medium resolution powder neutron data were collected on the Polaris 
diffractometer at ISIS. Samples were typically placed in an 11mm diameter V can 
located in front of the backscattering detectors. For conventional room temperature 
measurements, data sets were collected for ca. 200 A, while for RMC studies, 
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extended data collection times of 1000 A or above were used. For elevated 
temperature measurements, sample cans were placed inside an evacuated furnace in 
front of the backscattering detectors and shorter data collections of 30 A were used. 
Data were collected at temperatures ranging from 300 to 800C. In order to 
characterise the defect structure at high temperature, a 200 A data collection was 
carried out at 800C. For total scattering studies at elevated temperatures, samples 
were sealed in an evacuated silica tube and placed inside an 11 mm diameter V can. In 
each case an extended data collection time of 1000 A or more was used. In addition, 
data were collected on an empty silica tube under identical conditions to allow for data 
correction. 
2. D2B diffractometer. 
Powder neutron diffraction data were collected for selected samples on the D2B 
diffractometer at the Institut Laue-Langevin (ILL) Grenoble. Samples were contained 
in 9 mm diameter V-cans. Data were collected at 1.23 Å over the approximate 2 range 
0.135 to 158 at temperatures between 25 and 800C. A total of ca. 4.2 M counts were 
used for data collections at room temperature and at 800C with a total of 0.6 M counts 
for data collected at intermediate temperatures. 
3. HRPD diffractometer. 
High resolution powder neutron data were collected on the HRPD diffractometer 
at ISIS. Samples were placed in an 11 mm diameter V can located in front of the 
backscattering detectors. Measurements were carried out at room temperature for 
between 4 and 6 h. Backscattering data were used for structure refinement.  
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2.5.4 Electrical measurements 
Pellets for electrical measurements were initially shaped in a 7 mm diameter 
cylindrical die. The shaped pellets were then placed in a protective rubber sleeve and 
pressed isostatically in an oil pump press at a pressure of 400 MPa. Pellets were 
sintered at temperatures between 850 and 950
 C for around 10-12 h depending on 
composition. Pellets were slow cooled to room temperature after sintering over a 
period of around 6-10 h. to avoid cracking. Samples for impedance measurements 
were prepared as rectangular blocks (approximately 5  2  2 mm3) cut from the 
sintered pellets using a diamond saw. Platinum electrodes were sputtered by cathodic 
discharge. Two blocks for each composition were made, one for high temperature 
electrical measurement with a low geometric factor l/a (where l is the thickness of the 
bar and a is the surface area of the applied electrode) and one for low temperature 
measurements with a high geometric factor. 
Conductivity measurements were made using a.c. impedance spectroscopy 
during visits to the Warsaw University of Technology in Poland under the supervision 
of Prof. F. Krok, Dr M Malys and Mr M Holdynsky. Low temperature electrical 
parameters for selected samples were determined up to ca. 700C using a fully 
automated Solartron 1260 impedance/gain-phase analyser (Fig 2.21) with an additional 
amplifier in the frequency range 1.0  10-2 Hz to 5.0  107 Hz. High temperature 
measurements on the same compositions were carried out on a Solartron 1255 / 1286 
system in the frequency range 1.0 Hz to 5.0  105 Hz up to 850C. Impedance spectra 
were measured over two cycles of heating and cooling and collected at programmed 
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temperatures after 20 min of temperature stabilisation. Impedance at each frequency 
was measured repeatedly until consistency (2% tolerance in drift) was achieved or a 
maximum number of 25 repeats had been reached.  
 
Fig. 2.21 Schematic diagram showing low temperature impedance setup [39]. 
 
2.5.5 Thermal analysis 
DTA thermograms were collected on a Setaram Labsys differential thermal 
analyser. A heating rate of 10ºC·min
-1
 over the temperature range between 25ºC and 
1000ºC was used. All measurements were carried out in air. 
 
2.5.6 Error analysis 
For a set of data including N data points xi with the mean value equal to x , the 
standard deviation (σ) can be defined using Eqn. 2.38 [41]: 



N
i
i xx
N 1
2)(
1
  (2.38) 
The data and results from the calculations in the present thesis are assumed to be 
normally or close to normally distributed. Therefore, within the range of one estimated 
σ (ESD) to the mean on both sides, the probability distribution is ca. 68%, whilst ±2σ 
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and ±3σ cover ca. 95% and 99% respectively. The plots included in this thesis, where 
ESDs were available, use error bars of ±2σ. The propagation of errors used throughout 
this thesis follows the standard method (Eqn. 2.39) as outlined in [42] when errors are 
transferred in the calculations.  
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where f is a function of variable xi. 
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Chapter 3 The Bi2O3-Nb2O5 and Bi2O3-Y2O3 Binary Oxide Systems 
 
3.0 Introduction 
The Bi2O3-Nb2O5 and Bi2O3-Y2O3 binary oxide systems are known to yield a 
number of fluorite based phases. Some of these phases show distortions and/or 
ordering of the fluorite cell, while others appear to exhibit the cubic defect fluorite 
structure of -Bi2O3 in X-ray diffraction patterns. However, in the latter case, neutron 
diffraction often reveals superlattice ordering and/or diffuse scattering characteristic of 
local ordering. 
In this chapter, selected compositions in the Bi2O3-Nb2O5 and Bi2O3-Y2O3 
systems have been synthesised and their structure-conductivity relationships 
investigated using a. c. impedance spectroscopy, X-ray and neutron diffraction and 
RMC modelling of total scattering data.  
 
 
3.1 Background to the Bi2O3-Nb2O5 and Bi2O3-Y2O3 systems 
In the 1970s, the conductivities of tri- and penta- valent metal oxide stabilised 
bismuth oxides were established by Takahashi et al. [1, 2, 3]. The total conductivities 
of selected compounds are summarised in Table 3.1.  
 
Table 3.1 Conductivities of selected oxide ion conductors. Adapted from [3]. 
 
Electrolyte 
Oxide ion conductivity 
(S cm
-1
) Phase 
880C 650C 500C 
(Bi2O3)0.75(Y2O3)0.25 3.5 × 10
-1 
1.1 × 10
-1
 1.3 × 10
-2
 fcc 
(Bi2O3)0.85(Nb2O5)0.15 5.0 × 10
-1
 1.1 × 10
-1
 1.1 × 10
-2
 fcc 
(ZrO2)0.91(Y2O3)0.09 2.0 × 10
-2
 3.8 × 10
-3
 4.6 × 10
-4
 fcc 
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These workers found that bismuth oxide based electrolytes show significantly 
higher conductivities than the widely used stabilised zirconias such as yttria stabilised 
zirconia (YSZ). Figs. 3.1a and 3.1b show the thermal variation of the conductivity 
found by Takahashi et al. for compositions in the Bi2O3-Nb2O5 and Bi2O3-Y2O3 
system respectively. At low values of x in the systems (Bi2O3)1-x(Nb2O5)x and (Bi2O3)1-
x(Y2O3)x significant jumps in conductivity are seen corresponding to phase transitions. 
At x = 0.0 the poorly conducting -phase converts to the highly conducting -phase at 
around 740C. As the value of x increases, this transition temperature decreases and 
disappears completely at higher substitution levels as the fcc (-phase) becomes 
increasingly stable. They concluded that for the (Bi2O3)1-x(Nb2O5)x and (Bi2O3)1-
x(Y2O3)x systems the fcc phase is stabilised over specific compositional ranges as 
summarised in Table 3.2. Each of these systems will now be discussed in detail. 
 
Table 3.2 Low temperature stabilisation ranges for the fcc phase in  
the (Bi2O3)1-x(Nb2O5)x and (Bi2O3)1-x(Y2O3)x systems [3]. 
 
System x 
(Bi2O3)1-x(Y2O3)x 0.25  0.43 
(Bi2O3)1-x(Nb2O5)x 0.15  0.26 
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(a) 
 
 
(b) 
 
Fig. 3.1 Arrhenius plots of conductivity for the systems (a) (Bi2O3)1-x(Nb2O5)x 
[2] (figures indicate the x values) and (b) (Bi2O3)1-x(Y2O3)x [3] (where the 
numbers 1 to 8 indicate x values of 0, 0.05, 0.20, 0.25, 0.33, 0.425, 0.50 and 0.60 
respectively). 
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3.1.1 The Bi2O3-Nb2O5 system 
A significant number of studies have been carried out on the Bi2O3-Nb2O5 
binary oxide system. However, due to the complexity of the polymorphism in this 
system, phase determinations have remained controversial. Roth and Waring carried 
out the first systematic investigation of the Bi2O3-Nb2O5 system and established the 
first phase equilibrium diagram (Fig. 3.2) in 1962 [4]. They prepared samples over the 
whole compositional range by solid-state reaction in a sealed platinum tube from 
mixtures of bismuth oxide and niobium oxide at the required stoichiometric ratios. In 
each case, the tube was heated at temperatures between 700C and the particular 
solidus temperature of the composition and quenched into water. They reported that 
the high-temperature cubic polymorph of Bi2O3 was stabilised in compositions 
containing between 5  25 mol% Nb2O5 according to their X-ray powder diffraction 
data. However, their crystalline samples seemed to have significant amounts of one or 
more secondary phases.  
Subsequently, Takahashi et al [2] investigated the Bi2O3-Nb2O5 system and 
found differences in phase composition dependent on thermal history. In the 
composition range 5 to 12.5 mol% Nb2O5, samples annealed at 500C for 15 h were 
biphasic, consisting of monoclinic and face centred cubic phases, while samples 
quenched from 800C in air were pure face centred cubic. The pure cubic phase was 
maintained over the composition range 15 to 25 mol% Nb2O5, irrespective of thermal 
history, while at 30 mol% Nb2O5, a mixture of face centred cubic and tetragonal 
phases was observed in both annealed and quenched samples. 
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Fig. 3.2 Phase equilibrium diagram for the system Bi2O3-Nb2O5 [4]. 
 
 
In the 1980s and 1990s, Zhou et al. re-investigated the Bi2O3 rich end (up to 50 
mol% Nb2O5) of this system [5,6,7], with a view to stabilising the highly conducting 
-phase of Bi2O3. In order to characterise the crystal structure, X-ray powder 
diffraction, selected area electron diffraction (SAED) as well as energy-dispersive X-
ray microanalysis (EDX) were employed. Their work [5] suggested the existence of 
four distinct structure types in this system (Fig. 3.3) as summarised in Table 3.3. 
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Fig 3.3. X-ray powder diffraction patterns of phases in the Bi2O3-Nb2O5 
system [5]. 
 
 
Table 3.3 Four structure types proposed by Zhou et al. at the Bi2O3 rich 
end of the Bi2O3-Nb2O5 system. 
 
Type x Composition Range Structure 
I 0.05  0.10 Bi19NbO31  Bi9NbO16 Body centred cubic 
II 0.10  0.25 Bi9NbO16  Bi3NbO7 Incommensurate fluorite cubic 
III 0.25  0.32 Bi3NbO7  32mol% Nb2O5 
Body centred tetragonal 
(I4/mmm)  
IV 0.375 Bi5Nb3O15 Orthorhombic super cell 
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Ling et al. later carried out more detailed research [8, 9, 10] involving structural 
modelling of bismuth-rich phases in the Bi2O3-Nb2O5 system, leading to the partial 
phase diagram shown in Fig 3.4. The work of Ling et al. suggested slightly different 
compositional ranges for the four structure types described by Zhou et al.  They also 
disagreed with the interpretation of the structural data for the Type I phase. Details of 
the proposed structural models for Types I to IV are discussed below. 
 
Fig 3.4. Partial phase diagram for the Bi2O3-Nb2O5 system. ‘S’ is a sillenite-
type phase, ‘L’ and ‘H’ are the low- and high- temperature forms of 
BiNbO4 respectively [8]. 
 
 
3.1.1.1 Type I structure 
Zhou et al. proposed that the structure of the Type I phase, observed in the 
composition range 5 to 10 mol% Nb2O5, was that of a cation ordered supercell of 
dimensions 2af, 2bf, 2cf (where af, bf and cf are the dimensions of the fluorite subcell). 
This generates a body centred cell as shown in Fig. 3.5. From their high-resolution 
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electron microscopy (HREM) results, these workers concluded that the Nb cations 
existed in isolated, but ordered NbO6 octahedral units in this phase. 
Ling et al. argued that the phase observed in this region (5 to 10 mol% Nb2O5) in 
fact exhibits a sillenite-based structure. Their argument was based on the inconsistency 
of refined cell dimensions from XRD data [8]. They were able to show that the 
composition Bi12Nb0.29O18.7+x gave an identical electron diffraction pattern to that 
presented by Zhou for the Type I phase, but the cell dimension (a = 10.048 Å) was 
found to be too small for a 2 × 2 × 2 fluorite supercell. This phase was suggested to be 
sillenite-related, i.e. exhibiting the γ-Bi2O3 structure as described in Section 1.3. 
 
 
Fig. 3.5 Proposed model for cation ordering in the Type I structure [5]. 
 
 
3.1.1.2 Type II structure 
Above 10 mol% Nb2O5, the Type II structure is adopted up to approximately 25 
mol% Nb2O5. Selected area electron diffraction (SAED) studies by Zhou et al. [5, 7] 
revealed an incommensurate superlattice for this phase. Their analysis suggested that 
Nb4O18 and Nb7O30 niobate clusters are formed in this phase. The former cluster is 
formed by four NbO6 octahedra sharing corners, while the latter is constructed from 
seven corner sharing NbO6 octahedra. They proposed that Nb7O30 units link together 
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to form “garland” like Nb18O72 clusters. They suggested that the formation of different 
superstructures is dependent on the type of niobate clustering exhibited. The Type-II 
structure was approximated using a commensurate supercell of 11af  11bf  11cf for 
compositions Bi17Nb3O33 and Bi9NbO16 and an 8af 
 
8bf 
 
8cf supercell for Bi4NbO8.5. 
The latter structure was proposed to contain a mixture of Nb7O30 and Nb18O72 clusters 
lying on the (111) planes of the supercell (Fig. 3.6). In the larger cell of Bi9NbO16, the 
structure was modelled with exclusively Nb7O30 clusters, with the larger Nb18O72 
clusters in Bi17Nb3O33 broken up into smaller Nb7O30 clusters. 
 
Fig. 3.6 Structural model for the Type II Bi2-xNbxO3+x solid solution, based on an 
8af 
 
8bf 
 
8cf supercell, showing niobate clusters in a single (111) plane [7]. 
 
 
Ling et al. reported that the Type II structure exists over the compositional range 
6 to 22.5 mol% Nb2O5 as a single phase, in which the fluorite cubic subcell dimension 
decreases linearly as Nb content increases [8]. They suggested that the Type II phase 
was an incommensurate, “infinitely adaptive” solid solution that requires six linearly 
independent basis vectors to describe the crystallography (Eqn 3.1). 
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M* = af*, bf*, cf*, εaf*, εbf* and εcf* (3.1) 
where af*,bf* and cf* are the reciprocal lattice vectors of the fcc lattice and ε is the 
modulation parameter with a value of  ca. 0.37 [11]. The value of ε was found to be 
ca. 4/11 for Bi17Nb3O33 and Bi9NbO16 and ca. 3/8 for Bi4NbO8.5. Therefore any Bragg 
peak in the diffraction pattern can be indexed using six indices h, k, l, m n, p (Eqn 3.2) 
[12]. 
 
2
222222
2
1
a
pnmlkh
dhklmnp

  (3.2) 
 
3.1.1.3 Type III structure 
The Type III phase was reported to be a line phase of composition Bi3NbO7 [5]. 
Zhou et al. tried to explain the structure of the Type III phase using a combination of 
perovskite and pyrochlore structural motifs (Fig 3.7). In this model, alternating 
pyrochlore and perovskite motifs constitute the structural framework with Bi atoms 
located in the cavities. The model results in an overall composition of Bi86Nb40O229 
which is close to Bi3NbO7.  
 
Fig 3.7 Model for the Type III structure, projected down the < 110 > fluorite 
direction as proposed by Zhou et al. [6]. The black filled circles are Bi atoms. 
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Ling and Johnson [10] employed synchrotron XRD, neutron powder diffraction 
and total energy calculations to investigate the Type III structure in detail. 
Interestingly, they found that the composition Bi3NbO7 exhibits only the Type II 
structure and that the Type III phase was in fact slightly Nb rich with a composition of 
Bi94Nb32O221 (25.4 mol% Nb). They were able to refine a tetragonal commensurate 
supercell in space group I-4m2 (Z = 1) with a = 11.5215(2) Å and c = 38.5603(6) Å. In 
this model, NbO6 octahedra share corners to from chains along the < 110 >F directions 
of the face centred cubic subcell.  
More recent studies by Valant and Suvorov [13], on the 25 mol% Nb2O5 
composition appear to confirm a two-phase system as previously suggested by Castro 
et al. [14]. Their work showed that the appearance of the Type III structure was 
limited to a narrow temperature range. Samples annealed at temperatures between ca. 
850 to 800 C exhibit the pure Type-III structure, while samples annealed at 
temperatures above or below this range show the Type II pseudo-cubic phase (Fig 
3.8).  
 
 
Fig 3.8 Phase composition of Bi3NbO7 as a function of annealing temperature [13]. 
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3.1.1.4 Type IV structure 
The Type IV phase is closely related to the well known Aurivillius family of 
layered structures [15] and was found to exist only at x = 0.375 (Bi5Nb3O15) as a single 
phase by Zhou et al. [5]. They suggested a 1 × 1 × 8 supercell of the fcc subcell, which 
corresponds to a tetragonal cell of dimensions a = 5.25 Å and c = 44.0 Å, to fit their 
electron diffraction patterns viewed along <110> and <100> directions. A model 
based on an Aurivillius ([An-1BnO3n+1], n = 1 + 2) type intergrowth was proposed. It 
was later reported that the Bi5Nb3O15 composition exhibits two distinct type IV 
phases, Type IV and Type IV* [16]. Ling et al. [8] subsequently proposed a one-
dimensional incommensurately modulated structure model for the Type IV phase, 
consisting of an incommensurate primary modulation wave-vector q = 
0.18a
*
+0.041b
*
+ c
*
. They suggested that the diffraction patterns could be indexed on a 
monoclinic incommensurate cell in the non-standard super space group I112/m (0.18, 
0.04, 1) -11. They argued that the Type IV phase has a limited relationship to the 
fluorite structure. 
 
 
3.1.2 The Bi2O3- Y2O3 system 
The addition of Y2O3 to Bi2O3 has been shown to yield various phases [1, 17, 
18]. The Bi2O3-Y2O3 binary system has been investigated by several authors and their 
work was extensively reviewed by Sammes et al. [19]. An fcc solid solution in the 
Bi2O3-Y2O3 system was reported by Datta and Meehan, who reported structures of a 
defect fluorite-type which were stable over a wide range of temperatures [20]. More 
recently, the group of Watanabe [21, 22, 23] reported that the -phase is metastable in 
the Bi2O3–Y2O3 system and that the -phases found in previous studies were in fact 
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quenched high temperature phases. Their work on compositions close to 25 mol% 
Y2O3 suggested that on prolonged annealing at 650C, transformation of the -phase 
to a stable hexagonal phase occurs. This hexagonal phase converts rapidly to the cubic 
phase at 720C and therefore they concluded that the room temperature -phase was 
formally a quenched metastable phase and that the kinetics of the cubic to hexagonal 
phase transition are very sluggish. 
Watanabe [23] concluded that there are four stable phases in the Bi1-xYxO1.5 
system (Fig. 3.9). Phase I is stable between x = 0.215-0.24 and exhibits hexagonal 
symmetry in space group R-3m with approximate unit cell dimensions a  4 Å and c  
24 Å. Phase II is stable between x = 0.315-0.35 and exhibits cubic symmetry in space 
group I213 with an approximate unit cell dimension of a  11 Å. Phase III is stable 
between x = 0.475-0.49 and exhibits triclinic symmetry, with approximate unit cell 
dimensions a  8.5 Å, b  10.0 Å, c  8.6 Å,   111,   106,   94. Phase IV is 
stable between x = 0.57-0.58 and is believed to exhibit hexagonal symmetry with 
possible space groups P6122, P61, P6522 or P65 and unit cell dimensions a  22.9 Å 
and c  19.0 Å. 
In between 1983 and 1988 Battle et al. published a series of investigations [24, 
25, 26, 27, 28, 29] on the doped δ-phase bismuth oxides (Bi2O3)1-x(M2O3)x for M = Y, 
Er and Yb, in which the first detailed structural analysis of Bi2O3-Y2O3 (2740 mol % 
Y2O3) system was carried out. Their research [24] proved that Y
3+
 substitution into δ-
Bi2O3 does indeed yield a fully disordered defect fluorite structure of the δ-Bi2O3 type. 
By comparing the results of structure refinements based on neutron diffraction data for 
pure δ-Bi2O3 and Y
3+
 doped δ-Bi2O3, they observed additional occupation of the 48i 
site (in space group Fm-3m) by oxide ions in the yttrium substituted system as well as 
occupation of the 8c and 32f sites seen in pure δ-Bi2O3. At the 27 mol % Y2O3 
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composition in particular, both Bragg and diffuse neutron scattering were reported 
[25] indicative of short-range ordering due to local anion displacements. Their analysis 
of these data led to several conclusions regarding the short-range order in these 
systems as follows.  
 1.  Vacancies on the oxygen sublattice order in chains along the <111> and <110> 
directions.  
 2. For the 27 mol % Y2O3 composition, there are displacements of anions along 
<111> directions (Fig 3.10) and the number of <111>-displaced anions increases 
with increasing temperature.  
 3. Within the solid solution range 2740 mol % Y2O3 the concentration of <111>-
displaced anions decreases with increasing Y
3+
 content.  
 
Fig. 3.9 Phase diagram for the system Bi1-xYxO1.5. L = liquid, α = α-Bi2O3 and 
δ = δ-Bi2O3 [23].  
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A further conclusion was later made based on solid state NMR analysis [29] that 
Bi
3+
 ions are likely to be surrounded by <110> vacancy pairs while Y
3+
 are 
predominantly surrounded by <111> vacancy pairs. 
 
 
Fig. 3.10 Local coordination around cations in (Bi2O3)1-x(Y2O3)x. Arrows 
indicate directions of displacement. Adapted from [24]. 
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3.2 Experimental  
 
3.2.1 Sample preparation 
Selected samples in the (Bi2O3)1-x(Nb2O5)x and (Bi2O3)1-x(Y2O3)x systems were 
prepared using the conventional solid-state synthesis method described in Section 
2.5.1. All reactions were carried out in a Pt crucible. The synthesis conditions for each 
sample are summarised in Table 3.4.  
 
Table 3.4 Synthesis conditions for samples made in Bi2O3-Nb2O5 Bi2O3-Y2O3 
systems. 
 
Composition(s) 
Initial Reaction Final Reaction 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
c-Bi3NbO7
*
 600 20 quenched 740 24 quenched 
t-Bi3NbO7
†
 740 20 quenched 850 24 quenched 
Bi5Nb3O15 740 24 quenched 900 24 quenched 
Bi3YO6 740 24 quenched 850 24 quenched 
 
 
3.2.2 Crystallography 
All powder samples were characterised using X-ray powder diffraction (XRD). 
Three diffractometers (Philips PW 1050/30 diffractometer, Siemens D5000 and a 
PANalytical X’Pert-Pro) were used in the present work as detailed in (Section 2.5.2). 
All the high temperature XRD experiments were performed on a PANalytical X’Pert-
Pro diffractometer with an Anton Paar HTK-16 furnace or an Anton Paar HTK-12 
furnace. All data were collected over the 2θ range 5 to 120. Data collection 
parameters are summarised in Table 3.5.  
                                               
*
 c- Bi3NbO7: cubic phase Bi3NbO7. 
†
 t- Bi3NbO7: tetragonal phase Bi3NbO7. 
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Table 3.5 Data collection parameters for powder XRD experiments. 
 
Samples Instrument 
Temperature 
(C) 
Scanning step and time 
() counting time (s) 
Bi3NbO7 
c X’Pert ca. 25 0.0167 200 
t PW1050/30 ca. 25 0.02 7 
Bi3YO6 X’Pert 
ca. 25 0.0167 200 
300  800 0.033 200 
Bi5Nb3O15
‡ X’Pert ca. 25 0.0167 2500 
 
Neutron diffraction data were collected on selected samples, which were of high 
purity. Data presented in this chapter were collected on either the HRPD or Polaris 
diffractometers at ISIS, (RAL). The experimental details are summarised in Table 3.6.  
High intensity neutron diffraction data (> 1000 μA h) were collected for selected 
samples for total scattering studies. In each case, the sample was placed in an 11 mm 
diameter V can located in front of the back scattering detectors. Additional data were 
collected for the empty V-can and the empty sample chamber for data correction. 
Total neutron scattering data for Bi3YO6 were additionally collected at 800C. For 
these data the sample was placed in a sealed silica glass tube inside an 11 mm 
diameter V can. For data correction purposes, data for an empty silica tube in a V can 
were collected under identical conditions for approximately 2/3 of the time used for 
the sample to remove the background contribution to the scattering. 
 
                                               
‡
 Data collected with monochromatic CuKα1 radiation. 
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Table 3.6 Data collection parameters for neutron diffraction experiments. 
 
Samples Instrument 
Neutron flux 
c.a. (A·h) 
Temperature (C) 
Bi3NbO7 
c 
HRPD 175 ca. 25 
Polaris 30 500 to 950 (50 interval) 
t 
HRPD 120 ca. 25 
Polaris 30 500 to 1050 (50 interval) 
Bi3YO6 Polaris 
1000 ca. 25 
30 (200 at 800C) 100 to 800 (50 interval) 
1000 800 
Bi5Nb3O15 Polaris 200 ca. 25 
 
Structure refinements based on analysis of the Bragg reflection data were carried 
out by Rietveld whole profile fitting using the GSAS suite of programs [30]. For the 
data collected for Bi3YO6 at 800C the silica background was subtracted prior to 
refinement. Initial models for structure refinement of the pseudo-cubic phases were 
based on the structure of δ-Bi2O3 [24, 25, 31]. A cubic subcell model was used with 
Bi, Nb and or Y located on the ideal fluorite 4a site in space group Fm-3m. Oxide ions 
were initially located at three sites, which are 8c at 0.25, 0.25, 0.25, 32f at ca. 0.29, 
0.29, 0.29 and 48i at ca. 0.5, 0.2, 0.2. Initial refinements were carried out with oxygen 
site occupancies varying independently, but with a single tied isotropic thermal 
parameter. Specific constraints used in refinements were dependent on data quality, 
details of which are given in the individual sections below. The Type III structure of 
Bi3NbO7 was refined using the model proposed by Ling et al. [8, 10].  
Total scattering analysis using reverse Monte Carlo simulations was used to 
model the local ordering in Bi3YO6 at 25C and 800C. The background scattering and 
beam attenuation were corrected for using the program Gudrun [32] and the resulting 
normalised total scattering structure factors, S(Q), were then used to obtain the 
corresponding total radial distribution function, G(r), via a Fourier transform as 
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described in Chapter 2. The analysis of the total neutron scattering data (Bragg peaks 
plus diffuse scattering components) was carried out using the RMCProfile software 
[33]. All RMC simulations used configuration boxes of 10  10  10 unit cells 
(Section 2.2.4). The initial model was based on the ideal fluorite structure with atoms 
randomly distributed over sites in the supercell corresponding to the regular 4a and 8c 
crystallographic sites in the cubic Fm-3m subcell. Fitting was carried out against the 
reciprocal space data, S(Q), the real space data, G(r), and the Bragg profile data to 
provide a constraint for the long-range crystallinity. The former was broadened by 
convolution with a box function to reflect the finite size of the simulation box, where:  
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(3.3) 
where L is the smallest dimension of the RMC configuration and, as such, defines the 
upper limit of the G(r). 
Calculations were performed using bond valence summation (BVS) constraints 
[34] and an O-O closest approach constraint (gO-O(r)) to avoid unrealistically short O-
O contacts. Cation swapping (one random cation swapping positions with a random 
cation of another atomic species) was tested and found to have no significant influence 
on the fits. Therefore in the final calculations, only translational moves were 
permitted. 
 
3.2.3 Thermal analysis 
Samples of Bi3YO6, and Bi5Nb3O15 were characterised by DTA as described in 
Chapter 2 (Section 2.5.5). Bi3YO6 was heated from 30C to 1000C at 10C per 
minute in air and Bi5Nb3O15 was heated from 30C to 1300C and then cooled down 
to 30C at a heating and cooling rate of 10C per minute in nitrogen. 
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3.3 Results and Discussion  
 
3.3.1 Bi3NbO7 
Bi3NbO7 is known to exhibit polymorphism [5, 9, 10, 13, 14], with two principal 
polymorphs the pseudo-cubic Type II phase (c-Bi3NbO7) and the tetragonal Type III 
phase (t-Bi3NbO7). As described above in section 3.1.1, there is a somewhat unusual 
temperature dependence of phase stability, with the tetragonal phase observed over a 
narrow temperature range and the cubic phase seen above and below this range. Fig. 
3.11 shows the neutron diffraction profiles for the two polymorphs as collected on the 
HRPD diffractometer at ISIS. The tetragonal phase shows a clear splitting of peaks 
compared to the cubic phase.  
Rietveld refinements were carried out using whole profile fitting for data 
collected at room and elevated temperatures on the HRPD diffractometer at ISIS. A 
cubic subcell model as described above was used to describe the pseudo-cubic phase, 
while the tetragonal phase was modelled using the structural parameters given by Ling 
et al. [8].  
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Fig. 3.11 Neutron diffraction patterns for polymorphs of Bi3NbO7. 
(Red = pseudo-cubic, black = tetragonal). 
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3.3.1.1 Structural analysis of c-Bi3NbO7 
Refinement of the cubic subcell model for c-Bi3NbO7 using HRPD neutron data 
revealed negligible scattering on the 8c site and almost exclusive occupation of the 32f 
site, with minor occupancy of the 48i site. In the final refinement, a total occupancy 
constraint was applied between the 32f and 48i sites (O(2) and O(3) respectively in 
Table 3.7). Isotropic thermal parameters were refined for all atoms with a single 
parameter used for the cations on the 4a site and a second for the anions, which were 
tied together. Crystal, refinement and atomic parameters are summarised in Table 3.7 
and Fig. 3.12. 
Whilst a satisfactory fit is obtained using the cubic-subcell model for c-Bi3NbO7, 
there are additional unindexed peaks throughout the diffraction pattern and in 
particular a group of weak peaks in the region between 1.95 and 2.50 Å that cannot be 
indexed using either the cubic subcell model (Fm-3m) or the tetragonal supercell 
model. It is believed that many of these peaks are due to the incommensurate ordering 
known to exist in the Type II phase. However, it is also possible that some peaks may 
be due to a low level of a secondary crystalline phase, probably Bi5Nb3O15. 
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Table 3.7 Crystal refinement and atomic parameters with selected contact distances 
(Å) for c-Bi3NbO7. Estimated standard deviations are given in parentheses. 
 
Atom Site x Y z Occ.
 
Uiso/Å
2 
Bi 4c 0.25(-) 0.25(-) 0.25(-) 0.75(-) 0.0274(4) 
Nb 4c 0.25(-) 0.25(-) 0.25(-) 0.25(-) 0.0274(4) 
O(2) 32f 0.2893(7) 0.2893(7) 0.2893(7) 0.196(1) 0.079(2) 
O(3) 48i 0.5(-) 0.198(6) 0.198(6) 0.015(1) 0.079(2) 
Bi/Nb-O(2) 2.269(1) 
Bi/Nb-O(3) 1.974(9) 
 
 
Fig. 3.12 Fitted HRPD neutron diffraction profile for c-Bi3NbO7 with a 
cubic subcell model at room temperature. Observed (+), calculated (line) 
and difference profiles (lower) and reflection positions (). 
 
 
Chemical formula Bi3NbO7 
Formula weight 831.8434 g/mol 
Crystal system Cubic 
Space group Fm-3m   
Unit cell dimension a = 5.46395(3) Å 
Volume 163.125(9) Å
3
 
Z 1 
Density (theoretical) 8.4680 g cm
-3
 
Sample description Yellow powder 
R-factors
a 
Rp = 0.1225, Rwp = 0.1340, Rex = 0.1366, RF2 = 0.1403  
Total no. of variables 77 
Nunber of profile points  6303 
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Castro et al. [14] also observed these additional peaks in studies of c-Bi3NbO7 
and suggested that they were from Bi5Nb3O15. Our neutron diffraction data from 
Bi5Nb3O15 collected on the Polaris diffractometer at ISIS are compared with those 
from c-Bi3NbO7 in Fig. 3.13 and appear to be at least partially consistent with this 
suggestion. However, it is clear that the existence of Bi5Nb3O15 as a secondary phase 
cannot completely account for all the additional peaks and that these peaks must be 
due to the Type II incommensurate superlattice. The structure of Bi5Nb3O15 is 
discussed in detail in section 3.3.2. 
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Fig. 3.13 Neutron diffraction patterns for c-Bi3NbO7 and Bi5Nb3O15 
at room temperature. 
 
 
Using Eqn. 3.2 it is possible to index the remaining peaks (Fig. 3.14) and 
calculate an average value for the modulation parameter, ε, of 0.388. This value is 
consistent with the previously reported value of ca. 0.37 [12]. 
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Fig. 3.14 Some indexed superlattice peaks in the neutron diffraction 
pattern for c-Bi3NbO7 at room temperature. 
 
 
Fig. 3.15 shows neutron diffraction data collected on the Polaris diffractometer 
for the same sample at elevated temperatures. The cubic subcell model (Fm-3m) was 
used in the Rietveld refinements as a single phase for the high temperature data. The 
same constraints as used in room temperature model refinement were applied to the 
high temperature refinements. The refined atomic parameters are given in Table 3.8.  
 
Table 3.8 Refined anion parameters of c-Bi3NbO7 at elevated temperatures. 
 
Temperature 
(C) 
O(2) (32f) O(3) (48i) 
x, y, z Occ. y, z Occ. 
25 0.2893(7) 0.196(1) 0.198(6) 0.015(1) 
750 0.3298(2) 0.167(1) 0.3870(6) 0.034(1) 
800 0.2928(4) 0.185(1) 0.235(5) 0.024(1) 
850 0.2933(3) 0.187(1) 0.225(3) 0.022(1) 
900 0.2934(4) 0.190(1) 0.233(5) 0.020(1) 
950 0.2946(4) 0.188(1) 0.217(3) 0.022(1) 
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Fig. 3.15 Polaris (a) low-angle and (b) backscattering neutron diffraction 
data for c-Bi3NbO7 at elevated temperatures. 
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The thermal variation of the cubic lattice parameter and isotropic thermal 
parameters are shown in Fig. 3.16 and Fig. 3.17 respectively. The thermal variation 
of the cubic lattice is almost linear above 750C.  
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Fig. 3.16 Thermal variation of lattice parameter of c-Bi3NbO7. Error bars 
correspond to  2 (where  is the estimated standard deviation).  
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Fig. 3.17 Thermal variation of isotropic thermal parameters in c-Bi3NbO7. 
Error bars correspond to  2. 
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The cation thermal parameter shows a general increase with increasing 
temperature as expected. In contrast, the anion thermal parameter appears to rise 
initially as expected, but the increasing trend becomes less significant with 
increasing temperature. There is no evidence in the diffraction patterns for the 
known Type-III  Type II transition above 900C and therefore this behaviour 
cannot be explained by a phase transition. In addition to describing the thermal 
vibration, the isotropic thermal parameters are also affected by the degree of 
positional disorder. This is likely to show significant thermal variation and the 
relatively high values of around 0.07 Å
2
 are a good indication of this. The observed 
variation would be consistent with a decrease in positional disorder above 900C. 
The variation of oxide ion site occupancy is shown in Fig. 3.18. The occupation 
of the 32f site increases from 750 to 800C while that of the 48i site decreases (as a 
result of the total site occupancy constraint described in Section 2.2.1). Above this 
temperature the values remain fairly stable up to 950C. This behaviour appears 
consistent with the variation in the thermal expansion of the lattice parameter, which 
shows near linear behaviour over this temperature range. 
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Fig. 3.18 Thermal variation of oxide ion distribution on O(2) (32f, circles) and 
O(3) (48i, triangles) sites in c-Bi3NbO7. Values are presented as percentage of 
total oxide ion content. Error bars correspond to  2. 
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3.3.1.2 Structural analysis of t-Bi3NbO7 
For the tetragonal phase, the commensurate supercell model proposed by Ling et 
al. (space group No. 119 I-4m2 with a = 11.52156 Å and c = 38.5603 Å) for the Type 
III phase was used for refinement against high-resolution data collected on the HRPD 
diffractometer at ISIS. Isotropic thermal parameters were refined for all atoms with 
those for oxide ions tied to a single value. Crystal, refinement and atomic parameters 
are summarised in Tables 3.9 and 3.10 respectively with significant contact distances 
in Table 3.11. The corresponding fitted diffraction profiles are shown in Fig. 3.19. The 
quality of fit confirms the Type III model for this system. 
 
Table 3.9 Crystal and refinement parameters for t-Bi3NbO7 at room temperature. 
 
Chemical formula Bi94Nb32O222 
Formula weight 26297.02 g/mol 
Crystal system Tetragonal 
Space group I-4m2   
Unit cell dimension a = 11.52873(7) Å and c = 38.5022(4) Å 
Volume 5117.4(6) Å
3
 
Z 1 
Density (theoretical) 8.5335 g cm
-3
 
Sample description Yellow powder 
R-factors
 
Rp = 0.1023, Rwp = 0.1213,Rex = 0.0993, RF2= 0.1490 
Total No. of variables 106 x
2 
12.33 
No. of profile points used 4203 
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Table 3.10 Refined atomic parameters for t-Bi3NbO7 at room temperature. 
 
Atom Multiplicity  x y z Uiso/Å
2 
Bi(8) 
Bi(6) 
Bi(7) 
Bi(5) 
Bi(4) 
Bi(3) 
Bi(2) 
Bi(10) 
Bi(9) 
Bi(1) 
Nb(5) 
Nb(3) 
Nb(4) 
Nb(2) 
Nb(1) 
2 
4 
8 
8 
8 
8 
8 
16 
16 
16 
4 
4 
8 
8 
8 
0(-) 
0(-) 
0.3265(15) 
0.6635(21) 
0.6640(21) 
0.1561(12) 
0.6664(21) 
0.1715(13) 
0.1708(12) 
0.8313(11) 
0.5(-) 
0(-) 
0.6725(17) 
0.5(-) 
0.6620(21) 
0(-) 
0(-) 
0(-) 
0(-) 
0(-) 
0.1561(12) 
0(-) 
0.1626(14) 
0.1585(12) 
0.1722(11) 
0.5(-) 
0(-) 
0(-) 
0.1697(20) 
0(-) 
0(-) 
0.2806(6) 
0.9991(5) 
0.5715 
0.8593(6) 
0.5(-) 
0.2890(6) 
0.3586(4) 
0.0681(4) 
0.2151(3) 
0.0804(10) 
0.1418(13) 
0.7140(4) 
0.0724(7) 
0.1422(5) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0270(1) 
0.0055(16) 
0.0055(16) 
0.0055(16) 
0.0055(16) 
0.0055(16) 
O(25) 
O(23) 
O(17) 
O(14) 
O(5) 
O(1) 
O(2) 
O(3) 
O(24) 
O(6) 
O(7) 
O(8) 
O(10) 
O(12) 
O(13) 
O(15) 
O(19) 
O(20) 
O(22) 
O(11) 
O(4) 
O(9) 
O(16) 
O(18) 
O(21) 
2 
4 
4 
4 
4 
4 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
16 
16 
16 
16 
16 
16 
0.5(-) 
0.5(-) 
0.0(-) 
0.0(-) 
0.0(-) 
0.5(-) 
0.0(-) 
0.0(-) 
0.331(3) 
0.110(3) 
0.0(-) 
0.5(-) 
0.5(-) 
0.316(2) 
0.180(4) 
0.5(-) 
0.153(4) 
0.359(3) 
0.351(3) 
0.175(2) 
0.311(1) 
0.206(2) 
0.374(2) 
0.376(1) 
0.150(3) 
0.0(-) 
0.0(-) 
0.5(-) 
0.5(-) 
0.5(-) 
0.0(-) 
0.120(6) 
0.131(4) 
0.5(-) 
0.390(3) 
0.197(4) 
0.336(2) 
0.307(3) 
0.183(2) 
0.0(-) 
0.325(4) 
0.0(-) 
0.5(-) 
0.5(-) 
0.334(2) 
0.131(1) 
0.378(1) 
0.133(3) 
0.203(2) 
0.327(3) 
0.25(-) 
0.0583(5) 
0.047(1) 
0.115(10) 
0.193(1) 
0.169(1) 
0.111(2) 
0.173(1) 
0.228(10) 
0.25(-) 
0.038(1) 
0.0988(7) 
0.1705(7) 
0.25(-) 
0.035(1) 
0.257(2) 
0.121(1) 
0.1194(9) 
0.0460(8) 
0.0316(5) 
0.1815(4) 
0.1787(5) 
0.1078(7) 
0.0418(4) 
0.103(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
0.044(1) 
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Table 3.11 Significant contact distances (Å) in t-Bi3NbO7 at ca.25C.  
 
Bi(1)-O(3) 
Bi(1)-O(4) 
Bi(1)-O(6) 
Bi(1)-O(12) 
Bi(1)-O(24) 
Bi(2)-O(1) 
Bi(2)-O(4) 
Bi(2)-O(10) 
Bi(2)-O(12) 
Bi(2)-O(15) 
Bi(2)-O(25) 
Bi(3)-O(11) 
Bi(3)-O(18) 
Bi(3)-O(22) 
Bi(4)-O(2) 
Bi(4)-O(3) 
Bi(4)-O(5) 
Bi(4)-O(9) 
Bi(4)-O(14) 
Bi(4)-O(21) 
Bi(5)-O(11) 
Bi(5)-O(14) 
Bi(5)-O(17) 
Bi(5)-O(20) 
2.080(2) 
2.106(3) 
2.525(2) 
2.263(2) 
2.646(3) 
2.77(4) 
2.701(2)×2 
2.15(4) 
2.573(2)×2 
2.64(4) 
2.397(2) 
2.188(3)×2 
2.235(3)×2 
2.364(3)×2 
2.69(4)×2 
2.63(4) 
2.76(4) 
2.89(3)×2 
2.32(4) 
2.294(3) 
2.55(3)×2 
2.32(4) 
2.22(4) 
2.92(4) 
Bi(5)-O(21) 
Bi(6)-O(15) 
Bi(6)-O(24) 
Bi(7)-O(7) 
Bi(7)-O(11) 
Bi(7)-O(13) 
Bi(7)-O(17) 
Bi(7)-O(18) 
Bi(8)-O(7) 
Bi(8)-O(13) 
Bi(9)-O(2) 
Bi(9)-O(7) 
Bi(9)-O(11) 
Bi(9)-O(13) 
Bi(9)-O(18) 
Bi(9)-O(21) 
Bi(10)-O(4) 
Bi(10)-O(8) 
Bi(10)-O(9) 
Bi(10)-O(10) 
Bi(10)-O(15) 
Bi(10)-O(16) 
Bi(10)-O(20) 
Bi(10)-O(21) 
2.306(3)×2 
2.07(5)×2 
2.06(4)×2 
2.24(4) 
2.472(3)×2 
2.31(4) 
2.32(4) 
2.744(3)×2 
2.60(4)×4 
1.976(3)×4 
2.666(3) 
2.278(2) 
2.277(3) 
2.656(3) 
2.545(3) 
2.298(3) 
2.660(3) 
2.567(3) 
2.085(3) 
2.304(3) 
2.531(3) 
2.803(3) 
2.16639(5) 
2.514(3) 
Nb(1)-O(1) 
Nb(1)-O(4) 
Nb(1)-O(16) 
Nb(1)-O(19) 
Nb(2)-O(8) 
Nb(2)-O(16) 
Nb(2)-O(18) 
Nb(2)-O(23) 
Nb(3)-O(2) 
1.998(3) 
2.103(3)×2 
1.896(3)×2 
2.06(4) 
2.21(4) 
2.063(3)×2 
2.098(3)×2 
1.987(3) 
1.71(4)×2 
Nb(3)-O(3) 
Nb(3)-O(19) 
Nb(4)-O(5) 
Nb(4)-O(6) 
Nb(4)-O(9) 
Nb(4)-O(24) 
Nb(5)-O(8) 
Nb(5)-O(20) 
Nb(5)-O(22) 
2.59(4)×2 
2.05(4)×2 
2.119(3) 
2.271(2)×2 
1.863(3)×2 
2.13(4) 
1.77(4)×2 
2.26(4)×2 
2.167(5)×2 
 
The empirical formula derived from the refinement is slightly different to 
Bi3NbO7 and contains a small excess of oxygen (Bi94Nb32O222). This discrepancy was 
also noted by Ling et al. [9]. From the refinement it was not possible to determine 
whether this was attributable to cation mixing on lattice sites or whether vacancies 
exist on the anion sites. In t-Bi3NbO7, the metal atom ordering results in a layered 
structure (Fig. 3.20) with pure bismuthate layers separating blocks of six mixed 
bismuth niobate layers, with layer stacking parallel to the c-axis.  
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Fig. 3.19 Fitted neutron diffraction profiles for t-Bi3NbO7 (HRPD data). Observed 
(+), calculated (line) and difference profiles (lower) and reflection positions (). 
 
 
Taking the sum of the respective ionic radii (Bi
3+
, 1.17Å; Nb
5+
, 0.64 Å, O
2-
, 
1.38Å [35] as a bonding criterion, the Bi coordination numbers range from 2 for Bi(2) 
and Bi(4) to 6 for Bi(3), with an average of 3.23. This low coordination number is 
expected for Bi
3+
, which exhibits stereochemical activity of the non-bonding 6s
2
 pair 
of electrons. Some of the Nb-O contact distances lie just outside the sum of the ionic 
radii. However, all the Nb sites may be considered to be six coordinate with the 
exception of Nb(3) where the Nb(3)-O(3) distance is too long to be considered as a 
bonding interaction and the Nb on this site must be considered to be four coordinate. 
The contact distances in Table 3.11 show that the niobate polyhedra are significantly 
distorted. Fig. 3.21 shows a typical Nb4O18 pyrochlore cluster constructed from four 
distorted NbO6 octahedra sharing three corners. These clusters share oxide ions with 
Bi/and or Nb ions to generate the three dimensional structure. Chains of NbnO5n+1 of n 
corner connected NbO6 octahedra lying next to the Bi-O layers are observed, which 
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link some of the Nb4O18 pyrochlore clusters.  Unlike the Type II structure where 
niobate chains are orientated in three independent directions (<110>, <101> and 
<011>), in the Type III structure niobate chains are formed in only two directions 
corresponding to the tetragonal a and b axes.  
 
 
Fig. 3.20 Structure of t-Bi3NbO7 viewed to the [010] direction. The unit cell 
(Bi94Nb32O222) is outlined. Bi-O bonds have been omitted for clarity. 
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Fig. 3.21 Nb4O18 pyrochlore cluster composed of four edge sharing niobate 
octahedra in the structure of t-Bi3NbO7. 
 
 
Neutron diffraction data were collected on a sample of t-Bi3NbO7 at elevated 
temperatures on the Polaris diffractometer at ISIS (Fig. 3.22). The tetragonal supercell 
model described above was used for the Rietveld analysis of these high temperature 
data. Due to the complexity of the model, atomic parameters were fixed at their room 
temperature values, with only lattice, background and profile parameters varying. This 
model gave a satisfactory fit to the neutron diffraction data collected between 500 and 
900C (Fig. 3.23).  
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Fig. 3.22 Neutron diffraction patterns for t-Bi3NbO7 at elevated temperatures. 
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Fig. 3.23 Fitted neutron profiles for t-Bi3NbO7 at 500C with upper (backscattering) 
and lower (low angle) data shown. Observed (+), calculated (line) and difference 
profiles (lower) and reflection positions ().  
 
 
The thermal variation of lattice parameters is shown in Fig. 3.24. There is a 
linear expansion of the lattice parameters up to 900C above which the c-axis 
decreases and the a-axis increases consistent with a transition to the pseudo-cubic 
phase. 
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Fig. 3.24 Thermal variation of lattice parameters in t-Bi3NbO7. Error bars 
correspond to  2. 
 
 
Although the diffraction data at 950C were initially fitted using the tetragonal 
model, a significantly improved fit was obtained when refinement was carried out 
using the cubic subcell model (Fig. 3.25). The fitted diffraction profile using this 
model shows additional unindexed peaks at high d-spacing, which are believed to be 
associated with the incommensurate superlattice of the Type II structure of c-Bi3NbO7 
as discussed in section 3.3.1.1. Table 3.12 summarises the refinement parameters from 
two models for t-Bi3NbO7 at 950C. 
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(a) 
 
(b) 
 
Fig. 3.25 Fitted neutron diffraction profiles for Bi3NbO7 at 950C, using (a) 
tetragonal  and (b) cubic subcell models (backscattering data). Observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (), 
where (*) indicates peaks not attributable to either model. 
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Table 3.12 Crystal and refinement parameters for t-Bi3NbO7 at 950C. 
 
Chemical formula Bi94Nb32O222 Bi3NbO7 
Formula weight (g/mol) 26297.02  831.8434 
Crystal system Tetragonal Cubic 
Space group I-4m2   Fm-3m 
Unit cell dimension (Å) a = b = 11.7427(5) 
c = 38.705(3) 
a = 5.53276(5) 
Volume (Å
3
) 5117.2(2)  169.365(4) 
Z 1 1 
Density (theoretical)  
(g cm
-3
) 
8.5335  8.1560 
Sample description Yellow powder Yellow powder 
R-factors
 
Backscattering Rp = 0.0671 
Rwp = 0.0421 
Rex = 0.1338 
RF2=0.2538 
Rp = 0.0412 
Rwp = 0.0207 
Rex = 0.0673 
RF2= 0.1039 
Low Angle Rp = 0.0922 
Rwp = 0.0803 
Rex = 0.1011 
RF2=0.1355 
Rp = 0.0790 
Rwp = 0.0825 
Rex = 0.0771 
RF2=0.0331 
x
2 
3.541 1.862 
Total No. of variables 30 69 
No. of profile points used 7471 6074 
 
 
The cubic subcell model yields a satisfactory fit to the data collected over the 
temperature range from 950 to 1050C. The results therefore clearly show the Type III 
 Type II phase transition at 950C, which is consistent with the work of Valant et al. 
(Section 3.1.1.3, [13]). Table 3.13 summarises the refined parameters from the 
refinements for data collected at 950C and above. Interestingly, the thermal variation 
of the refined isotropic thermal parameters for the oxide ions and cations show 
different trends (Fig. 3.26) with only the cation thermal parameter showing the 
expected increase with increasing temperature. The large value for the anion parameter 
indicates that the isotropic thermal parameter describes significant positional disorder 
as well as thermal vibration.  
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Table 3.13 Refined lattice and oxide ion parameters of t-Bi3NbO7 at 
temperatures above 900C using the cubic subcell model (c-Bi3NbO7). 
 
Temperature 
(C) 
Lattice 
parameter a 
(Å) 
O(2) (32f) O(3) (48i) 
x, y, z Occ. y, z Occ. 
950 5.53276(5) 0.2939(4) 0.189(1) 0.222(4) 0.021(1) 
1000 5.53928(5) 0.2957(4) 0.184(1) 0.206(3) 0.025(1) 
1050 5.54848(5) 0.2957(4) 0.186(1) 0.205(3) 0.023(1) 
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Fig. 3.26 High temperature variation of isotropic thermal parameter in c-
Bi3NbO7. Error bars correspond to  2.  
 
 
 
3.3.2 Bi5Nb3O15 
Zhou et al. [16, 36] suggested that Bi5Nb3O15 possessed an Aurivillius type 
layered structure. Snedden et al. [37] studied the related phase Bi5TiNbWO15 and 
proposed a body centred orthorhombic supercell with a  b  5.4 Å and c  41 Å, 
which possesses an n = 1, 2 Aurivillius structure with an intergrowth of alternating 1 
and 2 perovskite layers ([An-1BnO3+1]) n and n + 1. This structure consists of a regular, 
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well-ordered intergrowth of charge neutral [Bi2WO6] and [Bi3TiNbO9] blocks. This 
model was used in the present study as a starting model for refinement of Bi5Nb3O15 
based on neutron diffraction data collected on the Polaris diffractometer at ISIS. Ti 
and W were replaced by Nb in the starting model. The fitted diffraction profiles are 
displayed in Fig. 3.27 with corresponding final refinement parameters summarised in 
Table 3.14.  
 
Table 3.14 Crystal and refinement parameters for Type IV-Bi5Nb3O15. 
 
Chemical formula Bi5Nb3O15 
Formula weight 1563.61 g/mol 
Crystal system Orthorhombic 
Space group I2cm  
Unit cell dimension a = 5.4719(5) Å, b = 5.4665(5) Å and c = 41.855(1) Å 
Volume 1251.98(5) Å
3
 
Z 4 
Density (theoretical) 8.296 g cm
-3
 
Sample description pale yellow powder 
R-factors Rp = 0.0935, Rwp = 0.0529, Rex = 0.1099, RF2= 0.2516 
Total No. of variables 78 
No. of profile points  8920 
 
In Rietveld refinements all atoms were treated isotropically with the thermal 
parameters for all O atoms and all Nb tied to single values. Atom positions were 
refined independently while the occupancies of all atoms were fixed to yield the 
Bi5Nb3O15 stoichiometry with Z = 4. Refined atomic parameters are summarised in 
Table 3.15 and significant contact distances are summarised in Table 3.16. While the 
fit is far from ideal, the refinement has generated a model from which basic structural 
information about Type IV Bi5Nb3O15 may be discussed. 
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Fig. 3.27 Fitted neutron profiles for Bi5Nb3O15 at room temperature.Fits to 
backscattering (upper) and low angle (lower) data are shown. Observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
 
 
 
 
Chapter Three 
120 
 
Table 3.15 Atomic parameters for Type IV-Bi5Nb3O15. 
 
Atom x y z Uiso/Å
2 
Bi(1) 
Bi(2) 
Bi(3) 
Nb(1) 
Nb(2) 
O(1) 
O(2) 
O(3) 
O(4) 
O(5) 
O(6) 
O(7) 
O(8) 
0.557(2) 
0.049(1) 
0.028(3) 
0.055(2) 
0.546(1) 
0.333(2) 
-0.031(2) 
0.316(2) 
0.778(2) 
0.482(1) 
0.235(2) 
0.790(2) 
0.496(2) 
0.014(2) 
-0.005(2) 
0.077(4) 
0(-) 
0.015(2) 
0.206(2) 
0.243(2) 
0.243(2) 
0.767(2) 
-0.029(2) 
0.207(2) 
0.774(2) 
0.075(2) 
0.0642(1) 
0.1265(1) 
0.25(-) 
0(-) 
0.1953(1) 
-0.0053(2) 
0.0455(2) 
0.0970(2) 
0.0977(2) 
0.1537(2) 
0.2024(2) 
0.2087(2) 
0.25(-) 
0.035(2) 
0.025(1) 
0.056(3) 
0.0045(7) 
0.0045(7) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
0.0136(5) 
 
Table 3.16 Significant contact distances (Å) in Bi5Nb3O15.  
 
Bi(1)-O(2) 
Bi(1)-O(3) 
Bi(1)-O(3) 
Bi(1)-O(4) 
Bi(2)-O(3) 
Bi(2)-O(3) 
Bi(2)-O(4) 
Bi(2)-O(4) 
Bi(3)-O(6) 
Bi(3)-O(8) 
2.38(1) 
2.28(1) 
2.38(1) 
2.29(1) 
2.347(2) 
2.280(1) 
2.283(1) 
2.254(1) 
2.400(1)×2 
1.91(2) 
Nb(1)-O(1) 
Nb(1)-O(1) 
Nb(1)-O(2) 
Nb(2)-O(5) 
Nb(2)-O(6) 
Nb(2)-O(6) 
Nb(2)-O(7) 
Nb(2)-O(7) 
Nb(2)-O(8) 
1.92(2)×2 
2.03(1)×2 
1.965(7)×2 
1.793(5) 
1.86(2) 
2.02(2) 
1.96(2) 
2.19(2) 
2.329(5) 
 
The Bi-O distances all lie within the sum of the ionic radii (Bi
3+
, 1.17Å, O
2-
, 
1.38Å [35]) resulting in Bi coordination numbers for Bi(1), Bi(2) and Bi(3) of 4, 4 and 
3 respectively, reflecting the stereochemical activity of the non-bonding 6s
2
 pair of 
electrons. The Nb-O distances vary from 1.79 to 2.33 Å and in some cases lie just 
outside of the sum of the ionic radii (Nb
5+
, 0.64 Å [35]). Nb(1) must be considered to 
be in a distorted octahedral geometry, while the long Nb(2)–O(8) distance leaves 
Nb(2) in an essentially  distorted trigonal bipyramidal geometry. The derived structure 
from the refinement is shown in Fig. 3.28 displaying the intergrowth of the n = 1 and 2 
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Aurivillius blocks. Nb(1) is located in the n = 1 blocks, whereas the n = 2 blocks 
contain Nb(2).  
 
Fig. 3.28 Structure of Bi5Nb3O15 with the unit cell outlined. Bi-O bonds have 
been omitted for clarity. Aurivillius layers (n = 1, 2) are illustrated. 
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Unlike Bi5TiNbWO15, the (n = 1 and 2) blocks in Bi5Nb3O15, have average 
formulae of [Bi2NbO6]
-1
 and [Bi3Nb2O9]
+1
 respectively and are not charge neutral. 
This leads to the formation of “stepped” defects in order to self-compensate charge 
differences between neighbouring layers [37]. Such defects may be an explanation of 
the less than satisfactory fitting of the intensities in the diffraction profiles (Fig 3.27) 
[37].  
The DTA thermogram for Bi5Nb3O15 is shown in Fig 3.29. No thermal events 
other than the melting point at 1202C are observed indicating that the sample is 
relatively stable over the entire temperature range up to the melting point. This is 
consistent with the work of Zhou et al. and Ling et al. (3.1.1.4), which suggested that 
the Type IV structure corresponds to a line phase of composition Bi5Nb3O15. 
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Fig. 3.29 DTA thermogram for Bi5Nb3O15. 
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3.3.3 Bi3YO6 
Yttria stabilised δ-Bi2O3 has been reported by Takahashi et al. [1] to have 
exceedingly high oxide ion conductivity over a wide temperature range with values of 
1.2 × 10
-2 
S cm
-1
 at 500C and 1.6 × 10-1 S cm-1 at 800C for -Bi3YO6. The Bi3YO6 
composition has the highest conductivity in the Bi3Nb1−xYxO7−x system [38]. Like 
many of the substituted bismuth oxides, Bi3YO6 shows non-linear behaviour in its 
Arrhenius plot of conductivity (Fig. 3.30). As part of the present work a detailed 
structural study of this composition using both conventional structural analysis and 
total scattering methods was carried out. 
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Fig. 3.30 Arrhenius plots of the total conductivity for Bi3YO6 [38]. 
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The fitted X-ray and neutron powder diffraction profiles for a sample of Bi3YO6 
quenched from 800C and measured at room temperature are shown in Fig. 3.31, 
while Fig. 3.32 shows data for the same composition at 800C. Unlike Bi3NbO7, there 
is no evidence in the diffraction patterns for superlattice reflections and all Bragg 
peaks in the patterns can be indexed on a cubic cell of dimension a = 5.49275 Å in 
space group Fm-3m, thus confirming phase purity. Table 3.17 summarises the crystal 
and refinement parameters for Bi3YO6 at 25C and at 800C, with the corresponding 
fitted structural parameters in Table 3.18. The results show finite occupation of three 
oxide ion sites, O(1), O(2) and O(3) (8c, 32f and 48i respectively). The Bi
3+
 and Y
3+
 
ions are randomly distributed on the 4a site on the crystallographic scale. Occupation 
of the O(3) site is not observed in the parent -Bi2O3 [24] and it has previously been 
suggested [38] that ions in this site are exclusively associated with coordination to the 
dopant cations [38, 39], in this case Y
3+
. 
 
(a) 
 
Fig 3.31 Fitted diffraction profiles for Bi3YO6 at ambient temperature. (a) and 
(b) are neutron diffraction profiles and (c) is the XRD profile. 
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(b) 
 
(c) 
 
Fig. 3.31 continued. 
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(a) 
 
(b) 
 
Fig 3.32 Fitted diffraction profiles for Bi3YO6 at 800C. (a) and (b) are 
neutron diffraction profiles and (c) is the XRD profile. 
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(c) 
 
Fig 3.32 continued. 
 
 
 
Table 3.17 Crystal and refinement parameters for Bi3YO6 at 25C and 800C. 
 
Chemical formula Bi3YO6 
Formula weight 811.84 
Temperature  25C 800C 
Crystal system Cubic Cubic 
Space group Fm-3m  Fm-3m  
Unit cell dimension a = 5.49371(9) Å a = 5.55833(2) Å 
Volume 165.622(1) Å
3
 171.200(4) Å
3
 
Z 1 1 
Density (theoretical) 8.142 mg cm
-3
 7.8770 mg cm
-3
 
Sample description Yellow powder Yellow powder 
R-factors
a 
(a) X-ray 
Rp = 0.0687, Rwp = 0.0951  
Rex = 0.1607, RF2 = 0.1317 
(b) Neutron backscattering 
Rp = 0.0218, Rwp = 0.0163 
Rex = 0.0042, RF2 = 0.0479  
(c) Neutron low angle 
Rp = 0.0195, Rwp = 0.0267 
Rex = 0.0112, RF2 = 0.2684 
(a) X-ray 
Rp = 0.0867, Rwp = 0.1345  
Rex = 0.1875, RF2 =0.2699 
 (b) Neutron backscattering 
Rp = 0.0516, Rwp = 0.0332 
Rex = 0.0491, RF2 = 0.0284  
(c) Neutron low angle 
Rp = 0.0879, Rwp = 0.0728 
Rex = 0.01885, RF2=0.02025 
Total no. of 
variables 
107 58 
Number of profile 
points used 
3289 (X-ray) 
3180 (neutron backscattering) 
4382 (neutron low angle) 
2990 (X-ray) 
2996 (neutron backscattering) 
3261 (neutron low angle) 
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Table 3.18 Refined structural parameters for Bi3YO6 at 25C and 800C. 
 
ca. 25C 
Atom Site x y z Occ Uiso (Å
2
) 
Bi 4a 0.0 0.0 0.0 0.75 0.0434(1) 
Y 4a 0.0 0.0 0.0 0.25 0.0434(1) 
O(1) 8c 0.25 0.25 0.25 0.395(6) 0.0605(5) 
O(2) 32f 0.3076(7) 0.3076(7) 0.3076(7) 0.073(1) 0.0605(5) 
O(3) 48i 0.5 0.1911(12) 0.1911(12) 0.012(1) 0.0605(5) 
800C 
Atom Site x y z Occ Uiso (Å
2
) 
Bi 4a 0.0 0.0 0.0 0.75 0.0693(3) 
Y 4a 0.0 0.0 0.0 0.25 0.0693(3) 
O(1) 8c 0.25 0.25 0.25 0.345(22) 0.078(2) 
O(2) 32f 0.307(2) 0.307(2) 0.307(2) 0.075(5) 0.078(2) 
O(3) 48i 0.5 0.1652(12) 0.1652(12) 0.020(1) 0.078(2) 
 
Table 3.19 shows significant contact distances in Bi3YO6. With the exception of 
the Bi/Y-O(2)’ distance, the observed values at room temperature lie within the sum of 
the ionic radii, with a small expansion at 800C (Bi3+, 1.17Å; Y3+, 1.019 Å, O2-, 1.38 
Å at room temperature) [35]. At ca. 3 Å, the Bi/Y-O(2)’ may be considered non-
bonding at both the studied temperatures. Based on the sum of the ionic radii it is also 
likely that O(1) (8c) bonds exclusively to bismuth.  
 
Table 3.19 Significant contact distances (Å) in Bi3YO6. 
 
ca. 25C 
Bi/Y-O(1) 
Bi/Y-O(2) 
2.37842(5) 
2.25202(5) 
Bi/Y-O(2)’ 
Bi/Y-O(3) 
2.96321(6) 
1.98406(4) 
800C 
Bi/Y-O(1) 
Bi/Y-O(2) 
2.40683(1) 
2.2764(14) 
Bi/Y-O(2)’ 
Bi/Y-O(3) 
3.028(18) 
2.010(4) 
 
In order to explain the structure of Bi3YO6 it is helpful to first discuss the 
structure of -Bi2O3. In crystalline oxides Bi preferentially adopts a square pyramidal 
geometry as a result of the stereochemical activity of the non-bonding 6s
2
 lone pair of 
electrons. In -Bi2O3 the Bi:O ratio is 1:1.5. Several studies on -Bi2O3 have shown 
occupation of combinations of the 8c and 32f sites [24, 25, 26]. As discussed in 
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Chapter 1, there are two limiting models, exclusive occupation of 8c sites (Gattow 
model) or exclusive occupation of 32f sites (Willis model). Most recent structural 
studies have confirmed occupation of both these sites. Since oxide ions in the 8c site 
are four coordinate and those in the 32f site are three-coordinate, depending on their 
relative occupancies the average coordination number for Bi in -Bi2O3 ranges from 
4.5 (for exclusive occupation of the 32f sites [9]) to 6 (for exclusive occupation of the 
8c sites [40]). The neutron diffraction studies of Battle et al. [24] suggest simultaneous 
occupation of both these sites resulting in an average coordination number of 5.36. 
More recently, neutron diffraction studies by Yashima and Ishimura [41, 42] confirm 
simultaneous occupation of 8c and 32f sites, but with a lower average coordination 
number of 5.02.  
In the present study, the situation is complicated by the presence of additional 
occupancy of the 48i site. It is possible to calculate the average coordination numbers 
in -Bi3YO6, by considering the likely coordination of the Y
3+
 ions. Our refinements 
showed that the occupancy of O(3) when left to refine independently gave a total 
oxide ion content of ca. 1 per cell at 800C and a slightly lower value at 25C and in 
our final refinement a total occupancy constraint was applied allowing occupancy 
refinement between the 8c, 32f and 48i sites, with the total oxide ion content fixed at 
that of the stoichiometric formula (Section 2.2.1). At 800C, the ratio of O(3) content 
per cell to Y
3+
 content per cell is therefore 1:1 and a little bit lower at room 
temperature. The location of the O(3) site is such that it allows the Y
3+
 ions to adopt a 
distorted octahedral coordination geometry (Fig. 3.33), with O(3) ions acting as the 
apical positions and either O(1) or O(2) ions in the equatorial positions. 
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Fig. 3.33 Y coordination in Bi3YO6. 
 
 
Additionally, if ions on O(3) are indeed associated exclusively with Y
3+
 then in 
order to maintain octahedral geometry and preserve the 1:1 ratio of O(3):Y, each O(3) 
would be shared between two Y
3+
 ions resulting in chains of corner sharing octahedra. 
Fig. 3.34 shows the DTA thermogram for a sample of Bi3YO6. On heating, a 
weak endotherm is observed at ca. 350C, a second weak feature is seen at around 
673C with a significant endotherm at around 715C followed by a broad endotherm 
centred at around 875C. On cooling, the corresponding exotherms are shifted to lower 
temperatures and that at ca. 350C is absent.  
In order to interpret the features seen in the DTA thermogram a variable 
temperature neutron diffraction study was carried out. Fig. 3.35 shows the thermal 
variation of the neutron diffraction pattern for Bi3YO6. No obvious changes are seen in 
the diffraction patterns with increasing temperature over the temperature range 
studied, with no indication of a first order phase transition that would account for the 
observed features in the DTA thermogram. 
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Fig. 3.34 DTA thermogram for Bi3YO6. 
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Fig. 3.35 Thermal variation of neutron diffraction patterns (backscattering data 
from Polaris) for Bi3YO6. 
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The variation of the refined cubic lattice parameter, a, is shown in Fig.3.36 and 
shows a non-linear variation. From the work of Watanabe [23], it is known that 
prolonged heating of Bi3YO6 at ca. 650C yields a hexagonal phase. This was used to 
argue that the cubic -phase is in fact a metastable form. The feature seen at around 
715C and the weak feature at ca. 673C in the DTA thermogram may be associated 
with this transition. Above this temperature the broad endotherm seen probably 
corresponds to sample decomposition/phase separation, although diffraction data were 
not collected in this range.  
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Fig. 3.36 Thermal variation of cubic lattice parameters in Bi3YO6. Error bars ( 
2) are smaller than the symbols. 
 
In order to determine the nature of the non-linearity seen in the thermal 
expansion of the lattice parameter, a detailed analysis of the neutron diffraction data 
was carried out. Fig. 3.37 shows the variation of the relative site occupancies of the 
three oxide ion sites (see also Appendix Table A1). There is a small but general 
increase in the occupation of the 48i site. However, the overall changes in the 32f and 
8c oxide ion site distributions lie within 2 estimated standard deviations and cannot 
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therefore be described as significant.  It should be remembered here that 8c and 32f 
sites are very close together with the 32f site representing a shift away from the ideal 
8c site, thus lowering the coordination number of oxide ions in this site from four to 
three. The variation of the isotropic thermal parameters for cations and anions (Fig. 
3.38) shows the same type of non-linear behaviour seen in the lattice parameter. The 
large thermal parameter for the oxide ions (value tied for all three sites) shows that this 
parameter describes not only the thermal vibration, but also extensive positional 
disorder. A significant degree of positional disorder on the 32f site would result in a 
higher isotropic thermal parameter and would effectively remove scattering from the 
neighbouring 8c in the structure refinement. Indeed it is possible to refine a model 
with exclusive occupancy of the 32f site (Willis model) with large isotropic thermal 
parameters. Therefore, as indicated by the error bars in Fig. 3.37, the small changes 
seen in occupancy between the 32f and 8c sites are not significant and do not 
satisfactorily explain the observed changes in the thermal expansion of the cubic 
lattice parameter.  
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Fig. 3.37 Thermal variation of oxide ion distribution on O sites in Bi3YO6. Values 
are presented as percentage of total oxide ion content. Error bars correspond to  
2. 
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Fig 3.38 Variation of isotropic thermal parameters in Bi3YO6. Error bars 
correspond to  2. 
 
In order to analyse the short-range structure of Bi3YO6 a total neutron scattering 
study was undertaken. Diffuse scattering evident as broad undulations in the 
backgrounds of both room temperature and 800C data sets are indicative of short 
range ordering (Fig. 3.39).  
 
 
Fig. 3.39 Diffuse scattering in the neutron diffraction pattern for Bi3YO6.  
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Data modelling was carried out through RMC simulation using RMCProfile [33] 
as described earlier (section 2.2.4). Simulations were carried out to fit the Bragg 
scattering as well as the functions S(Q) and G(r). A soft bond valence sum constraint 
[33] was applied. Simulation started with a cubic model box with a dimension of 
54.9275 Å and configurations of 10000 atoms (3000 Bi and 1000 Y on original 4a 
sites and 6000 O on original 8c sites in the subcell space group Fm-3m).  
Fig. 3.40 shows the fitted Bragg diffraction profiles from the RMC calculations 
and confirms a satisfactory fit to the Bragg diffraction data. The fitted total correlation 
functions for Bi3YO6 at room temperature and 800C are shown in Fig. 3.41, with 
individual pair correlations at these temperatures in Figs. 3.42, 3.43 and 3.44. Fig 3.45 
shows the fitted O-O pair distribution function gO-O(r), which confirms that the RMC 
model gives an average valence of -2 for oxygen. 
Apart from the expected thermal shift there is very little obvious difference 
between the individual pair correlations at the two studied temperatures. The structural 
model resulting from the RMC calculations was analysed to determine the details of 
local coordination environments. M-O bond distances were evaluated based on the 
sum of the ionic radii (1.17 Å, 1.089 Å and 1.38 Å for Bi
3+
, Y
3+
 and O
2-
 respectively 
[35]). This approach allows for the exclusion of non-bonded interactions, particularly 
in the case of coordination to Bi, where the non-bonding 6s
2
 pair of electrons result in 
sterochemically distorted environments around Bi. Bond valence sums yield average 
valences for Bi, Y and O of  +3.08, +2.98 and -2.03 at room temperature and +2.99, 
+2.98 and-1.99 at 800C respectively. 
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Fig. 3.40 Fitted neutron diffraction patterns from RMC modelling for 
Bi3YO6 at (a) 25 and (b) 800C. 
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Fig 3. 41 Fitted S(Q) data for Bi3YO6 at (a) and 25C and (b) 800C. 
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Fig 3. 42 Fitted G(r) data for Bi3YO6 at (a) and (b) 25C and (c) and (d) 
800C. 
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Fig. 3.43 Metal-metal pair correlation functions gij(r) for Bi3YO6 at (a) 25 and (b) 
800C. 
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Fig. 3.44 M-O pair correlation functions gij(r) for Bi3YO6 at (a) 25 and (b) 
800C. 
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Fig 3.45 Fitted pair distribution function gO-O(r) at room temperature using the 
O-O minimum contact distance and BVS constraints. 
 
 
Fig. 3.46 shows the distribution of contact distances around Bi and Y. Using the 
first minimum in the gij(r) pair correlation function as a cut off, the average Bi-O and 
Y-O contact distances were found to be 2.456 Å and 2.425 Å at room temperature and 
2.362 Å and 2.279 Å at 800C respectively, yielding Bi-O and Y-O coordination 
numbers of 6.05 and 6.31 at 25C and 5.30 and 5.29 at 800C respectively. However, 
these values reflect only the site coordination rather than true bonding interactions. In 
order to examine the bonding coordination the model was further analysed. Fig. 3.47a 
shows a plot of the averages of the first 8 contacts around Bi and Y at the two studied 
temperatures. The plots are clearly sigmoidal in character and the point of inflexion 
corresponds to the change between bonding and nominally non-bonding interactions. 
Taking the first derivatives of these plots (Fig. 3.47b), this change is seen to occur 
between the 4
th
 and 5
th
 contacts for Bi and at the 5
th
 contact for Y at both temperatures, 
corresponding to Bi-O distances of 2.59 and 2.60 Å at room temperature and 800C 
respectively and 2.60 and 2.64 Å for Y-O at these two temperatures respectively. The 
values for Bi-O are close to the sum of the respective ionic radii however the values 
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for Y-O are considerably larger (Bi-O 2.55Å and Y-O 2.40Å [35]), indicating 
significant distortion of the Y-O polyhedra. Using these values as the maximum bond 
length criteria, the resulting average bond lengths were found to be 2.261 Å and 2.212 
Å at 25C and 2.268 Å and 2.219 Å at 800C for Bi-O and Y-O respectively. The 
coordination numbers using these bonding criteria were found to be 4.28 and 4.66 at 
25C and 4.38 and 4.74 at 800C for Bi and Y respectively. 
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Fig 3. 46 Contact distance distribution in Bi3YO6 at (a) 25C and (b) 800C. 
 
Chapter Three 
143 
 
 
(a) 
0 2 4 6 8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
 Bi-O (25
o
C)
 Bi-O (800
o
C)
 Y-O (25
o
C)
 Y-O (800
o
C)
A
v
e
ra
g
e
 c
o
n
ta
c
t 
d
is
ta
n
c
e
 (
Å
)
Contact Number
 
 
(b) 
0 1 2 3 4 5 6 7 8 9
0.08
0.12
0.16
0.20
0.24
0.28
 Bi-O (25
o
C)
 Bi-O (800
o
C)
 Y-O (25
o
C)
 Y-O (800
o
C)
d
(d
is
t)
/d
(c
o
n
ta
c
t)
Contact Number
 
Fig. 3.47 (a) Average contact distances for first eight contacts around metal 
cations and (b) first derivative plot, from RMC modelling of Bi3YO6. 
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The variation of average contact distance with metal coordination number is 
shown in Fig. 3.48 and shows an expected increase with increasing coordination 
number. The distribution of bonded contacts per cation is shown in Fig. 3.49. These 
reveal a distribution of coordination numbers for Bi between 2 and 6, with an average 
of 4.3, consistent with the known stereochemistry of bismuth oxides. The average Y 
coordination at 4.7 is lower than the expected value of 6. This is almost certainly due 
to the relatively poor neutron scattering contrast between Y and Bi with the higher 
coordination of Y resulting from the bond-valence constraints rather than discernable 
differences in the scattering data. There is no evidence in the M-M distributions of 
cation ordering (Fig. 3.43). Interestingly, the work of Battle et al. [29] using 
89
Y NMR 
on this compound, shows a single broad resonance characteristic of a wide range of 
environments for Y. There is little difference between the room temperature and 
800C results other than an increase in the average bond lengths and a small increase 
in the coordination numbers. This suggests that the overall structure is relatively 
unchanged.  
The average O-M site coordination number is 3.991 at room temperature and 
3.628 at 800C. These values are slightly lower than the ideal fluorite value of 4 and 
reflect the fact that a significant number of oxide ions are displaced into positions 
corresponding to the 48i site in the crystallographic model. The lower value at 800C 
is in agreement with the average structure refinements, which showed a significant 
increase in the occupancy of the 48i site. Using the maximum bond length criteria 
described above the average O-M coordination numbers drop to 3.26 and 3.29 at 25C 
and 800C respectively. These values reflect the crystallographic model, which shows 
significant occupancy of the 32f site, which has a bonding coordination number of 3.  
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Fig. 3.50 shows the ionic density distribution in the (110) plane. It clearly shows 
the significant oxide ion disorder around the fluorite oxide ion sites. The individual 
angular distribution functions (ADF) for Bi3YO6 at room temperature and at 800C are 
shown in Figs. 3.51 and 3.52. For Y-O-Y and Bi-O-Bi a single broad distribution of 
angles is seen centred at around 116 consistent with the average tetrahedral site for 
oxide ions in the ideal fluorite lattice. For the O-M-O angular distributions three 
maxima are observed.  
 
(a) 
 
 
 
(b) 
 
 
Fig 3. 48 Bond length distribution as a function of coordination number 
from in Bi3YO6 at (a) 25C and (b) 800C. 
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(a) 
 
 
(b) 
 
Fig 3.49 Distribution of coordination numbers for (a)Bi-O and (b)Y-O in 
Bi3YO6 at 25C and 800C. 
 
x in [xx0]
0.0 0.2 0.4 0.6 0.8 1.0
z 
in
 [
0
0
z]
0.0
0.2
0.4
0.6
0.8
1.0
 
Fig 3.50 Ionic density of Bi3YO6 as a slice through the (110) plane illustrating the 
Bi
3+
 (blue), Y
3+
 (green) and O
2-
 (red) densities. 
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Fig. 3.51 M-O-M angular distribution functions for Bi3YO6 at (a) 25C 
and (b) 800C. 
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Fig. 3.52 O-M-O angular distribution functions for Bi3YO6 at (a) 25C 
and (b) 800C. 
 
These maxima can be explained by considering the cation coordination in the 
ideal fluorite structure (Fig. 3.53). If one considers the cubic coordination around a 
single cation in the fluorite structure, there are three different O-M-O angles 70, 109, 
and 180 corresponding to oxygens located on an edge, face and body diagonal 
respectively.  
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Fig. 3.53 Cation coordination in ideal fluorite lattice. 
 
 
In Bi2O3, ¼ of the oxide ion sites are vacant, which means the average Bi 
coordination number is 6 in the ideal model, i.e. each Bi atom has two oxide ion 
vacancies in its coordination environment. The ordering of these vacancies has been 
the subject of much research with conflicting results. The vacancies can be aligned 
randomly, in which case the ideal 3:3:1 ratio would be unaffected, or be aligned in 
<111>, <100> or <110> directions resulting in various ratios. Fig. 3.54 summarises 
the predicted angular distribution ratios for different vacancy ordering models.  
 
   
<111> 
vacancy ordering 
<110> 
vacancy ordering 
<100> 
vacancy ordering 
6:6:3 6:7:2 7:6:2 
Fig 3.54 Ordering of two vacancies around a metal atom in fluorites. Yellow 
solid circles represent metal cation and red solid circles represent O
2-
. 
 
 
It should be recognised here that in Bi3YO6 there is finite occupancy of the 48i 
site and a significant occupation of the 32f site which means that the system is far from 
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the ideal case. If one considers the oxide ions located on the 48i site to be Frenkel 
defects, then the number of vacancies in the fluorite anion site (considered to be 8c 
and 32f sites) is closer to 3 vacancies around each metal atom. Again several models 
can be proposed to describe the distribution of 3 vacancies (Fig.3.55).  
 
 
 
  
<111><100><101> 
vacancy ordering 
<110><100> 
vacancy ordering 
<110><011> 
vacancy ordering 
4:3:2 6:12:2 10:8:2 
Fig 3.55 Ordering of three vacancies per metal in fluorites. Yellow solid 
circles represent metal cation and red solid circles represent O
2-
. 
 
 
The peak positions of the angular distribution functions O-M-O (Fig. 3.52) 
represent the average angles over the peak ranges. The integrals of the functions over 
the angle from 0 to 180 give the angle ratio in each model as summarised in Table 
3.20. It is clear that the observed values at room temperature appear to be consistent 
with a <110> (or <011>) distribution of between 2 and 3 vacancies around each metal 
atom. The 800C data show a significant increase in the middle angle with respect to 
the two other angles. This is consistent with the observed increase in the 48i 
occupancy at this temperature. Again the data are consistent only with a <110> 
ordering of vacancies.  
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Table 3.20 O-M-O Angle ratios in Bi3YO6. 
 
25C 
O-M-O 
Angle 71.44 107.99 180 
Ratio 6.0 8.0 2.0 
O-Bi-O 
Angle 71.34 108.06 180 
Ratio 6.1 8.1 2.0 
O-Y-O 
Angle 73.14 108.66 180 
Ratio 6.1 7.4 2.0 
800C 
O-M-O 
Angle 72.78 106.28 180 
Ratio 5.0 9.1 2.0 
O-Bi-O 
Angle 71.94 106.26 180 
Ratio 5.2 10 2 
O-Y-O 
Angle 74.33 106.85 180 
Ratio 4.70 10.17 2 
 
The angles and angular ratios differ little between Bi and Y and further confirm 
the difficulty in separating these neutron scatterers in the analysis. If Y adopted a 
regular octahedral coordination, two angles of 90 and 180 would be observed in an 
8:2 ratio. Taking both the 74 and 106 angles as representing distortions from 90 the 
observed ratio is close to 15:2 of the smaller angles to the larger angle. Clearly the 
observed distribution does not describe an octahedral coordination geometry for Y. 
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3.4 Conclusions 
In the Bi2O3-Nb2O5 system three types of structures were investigated. The Type 
II structure of c-Bi3NbO7 is an incommensurately modulated fluorite. Analysis of the 
crystallographic cubic subcell revealed that oxide ions were distributed over two sites 
in the Fm-3m space group; 32f and 48i. The occupancy of the 48i position is seen to 
increase with increasing temperature. Bi3NbO7 shows unusual polymorphism, with the 
appearance of a tetragonally ordered phase (Type III) over the temperature range 800 
to 900C. Above this temperature the Type II phase reappears. Analysis of the 
structure of the Type III phase reveals a slight difference in stoichiometry. This 
difference may be genuine as previously reported [9]. However, it is also possible that 
some site sharing occurs between cations and anions. The complexity of the model and 
the quality of the data precludes analysis of this possibility using standard refinement 
methods. Clustering of niobate polyhedra is observed in the structure of the Type III 
phase leading to chains of niobate polyhedra as well as pyrochlore like clusters. The 
line phase Bi5Nb3O15 exhibits the Type IV structure. A preliminary model for this n = 
1,2 Aurivillius intergrowth phase has been presented. However, deficiencies in the 
quality of the fit to the neutron data are apparent which are likely to be caused by the 
“stepped” defects.  
The crystallographically disordered phase -Bi3YO6 was analysed by recently  
developed total neutron scattering methods. The analysis reveals detail of the local 
coordination environments around the cations, which are consistent with 
strereochemical activity of the Bi 6s
2
 non-bonding pair of electrons. The relatively 
poor neutron scattering contrast between Y and Bi, results in difficulty in separating 
the scattering contributions of these atoms. The main advantage of this form of 
analysis over conventional Rietveld refinement appears to be the information on short 
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range ordering of vacancies. Analysis of the angular distribution functions for Bi3YO6 
shows for the first time physical evidence for <110> vacancy ordering in a bismuth 
oxide based fluorite. Changes in the oxide ion distribution, which are a result of an 
increase in Frenkel defects, appear to be correlated to non-linear behaviour in the 
thermal expansion of the cubic lattice parameter as well as Arrhenius plots of 
conductivity.  
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Chapter 4 The Bi2O3-Nb2O5-Y2O3 Ternary Oxide System 
 
4.0 Introduction 
As seen in Chapter 3, isovalent substitution of Bi
3+
 by Y
3+
 yields a fluorite phase 
that is disordered on the crystallographic scale with excellent conductivity. In contrast, 
supervalent substitution of Bi
3+
 by Nb
5+
 yields a number of ordered fluorite phases with 
much lower ionic conductivity. The difference in the ionic conductivities of the Nb and 
Y substituted systems is predominantly due to the significant difference in vacancy 
concentration in the former case. There are two advantages of double substitution into 
Bi2O3. The first is that it allows for a tailoring of vacancy concentration, to yield 
samples that exhibit no superlattice ordering and high ionic conductivity. The second 
advantage is that double substitution is often seen to lead to stabilisation of the -phase, 
where similar levels of substitution by a single cation do not. This has been attributed to 
increased configurational entropy [1]. The Bi2O3-Nb2O5-Y2O3 ternary oxide system is 
known to yield a number of fluorite based phases [2]. Some of these phases show low 
symmetry distortions and/or ordering of the fluorite cell, while others appear to exhibit 
the cubic defect fluorite structure of -Bi2O3 in X-ray diffraction patterns. In this 
chapter, selected compositions in the Bi2O3-Nb2O5-Y2O3 system have been synthesised 
and the structure-conductivity relationship investigated using a.c. impedance 
spectroscopy, X-ray and neutron diffraction and RMC modelling of total scattering.  
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4.1 Background to the Bi2O3-Nb2O5-Y2O3 system 
In 1988 Meng et al. first reported that the δ-phase of Bi2O3 could be stabilised by 
double substitution of Bi by Y and Nb [2]. A pure fcc phase was indentified in the solid 
solution series (Bi2O3)0.80(Y2O3)x(Nb2O5)0.20-x (x = 0 to 0.15) and 
(Bi2O3)0.75(Y2O3)x(Nb2O5)0.25-x (x = 0 to 0.20). Phases isolated in these compositional 
regions were found to exhibit good conductivities over the temperature range 400 to 
830C with no significant changes in activation energy. 
In 2006, Abrahams et al. reported the temperature and compositional dependence 
of defect structure and conductivity of the system Bi3Nb1-xYxO7-x [3]. A full solid 
solution range was observed over the entire compositional range investigated, with the 
basic fcc structure maintained throughout. In their neutron diffraction patterns, they 
observed evidence for superlattice ordering in samples with compositions x  0.4 and 
local ordering for samples with x  0.6. The distribution of oxide ions in the defect 
structure for each composition at room temperature and 800C are summarised in Fig 
4.1. They reported that for Bi3NbO7 (x = 0.0) the diffraction patterns were consistent 
with the Type II incommensurate structure rather than the Type III commensurate cell. 
In the same year, Wang et al. [4] presented the isothermal kinetics of phase 
transformation in this composition. They demonstrated that both Type II and Type III 
structures can be obtained depending on synthesis temperature.  
The Arrhenius plots of conductivity for compositions in the Bi3Nb1-xYxO7-x series 
are shown in Fig 4.2. As expected, the conductivity decreases as the content of Nb 
increases in the solid solution. Non-linear behaviour in these plots is seen at elevated 
temperature and has been associated with subtle changes in the oxide ion distribution as 
seen in Fig. 4.1 [3]. 
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Fig 4.1 Variation of oxide ion site occupancy in Bi3Nb1−xYxO7−x [3]. Solid and 
open symbols represent site occupancies as a fraction of total oxide ion content 
for room temperature (RT) and 800C (HT) respectively. 
 
 
 
Fig 4.2 Arrhenius plots of total conductivity for compositions in the 
Bi3Nb1−xYxO7−x system [3]. 
 
 
Further research by Abrahams et al. [5] showed that annealing at intermediate 
temperatures for prolonged times (in the scale of 400 to 500 hours) had a great effect on 
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the relaxation of oxide ion displacements from 8c to 32f positions. This was correlated 
with changes in conductivity as well as a reduction of the cubic lattice parameter. 
In 2008, we reported results from an investigation of oxide ion distribution and 
conductivity in the Bi3.5Nb1−xYxO7.75−x system [6]. Similarities were found between this 
series and the Bi3Nb1−xYxO7−x system. In Bi3.5Nb1−xYxO7.75−x the cubic fluorite structure 
was observed with a full solid-solution range. A change from long-range to short-range 
ordering was found at x = 0.4. Oxide ion site occupancy was again found to be 
distributed over three sites 8c, 32f and 48i, with both compositional and temperature 
dependence (Fig.4.3). 
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Fig 4.3 Variation of oxide ion site occupancy in Bi3.5Nb1−xYxO7.75−x [6]. Values 
are presented as fraction of total oxide ion content. 
 
 
It was concluded that oxide ions on the 48i site are coordinated predominantly to 
the Nb
5+
/Y
3+
 cations, allowing for alternative coordination geometries for these ions. A 
distorted octahedral geometry is obtained through coordination of the dopant cations to 
two ions in the 48i sites constituting the apical positions and four in the 32f or 8c sites 
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constituting the equatorial positions. The (Nb + Y):O(3) ratio is ca. 1:1 and in order to 
maintain this ratio clustering of the dopant polyhedra is required. The average Bi
3+
 
coordination number was calculated to vary from 4.42 to 4.63 for Bi3.5Nb1−xYxO7.75−x at 
room temperature and from 4.34 to 4.76 at 800C. 
The total conductivity in the Bi3.5Nb1−xYxO7.75−x series (Fig. 4.4) is generally 
higher than that in the Bi3Nb1−xYxO7−x series (Fig 4.2) reflecting the higher vacancy 
concentration in the former system. 
 
 
Fig 4.4 Arrhenius plots of total conductivity for compositions in the  
Bi3.5Nb1-xYxO7.75−2x system [6]. 
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4.2 Experimental  
 
4.2.1 Sample preparation 
Selected samples in the Bi2O3-Nb2O5-Y2O3 system (Fig. 4.5) were prepared using 
the conventional solid-state synthesis method described in Chapter 2 (Section 2.5.1). 
The following compositional series were examined. 
(I) (Bi2O3)1-x(YNbO4)x (0  x  1)  
(II) Bi2.33Nb(1-x)Y x O6- x (0  x  1) 
All reactions were carried out in a Pt crucible. The synthesis conditions for each 
sample are summarised in Table 4.1.  
 
Fig 4.5 Pseudo-binary systems investigated in the Bi2O3-Nb2O5-Y2O3 system. 
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Table 4.1 Synthesis conditions for samples in the Bi2O3-Nb2O5-Y2O3 system. 
 
Composition(s) 
Initial Reaction Final Reaction 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
(Bi2O3) 1-x(YNbO4) x  
(0  x < 1) in steps of 0.1 
650 20 quenched 800 24 quenched 
YNbO4 740 20 quenched 1150 24 quenched 
Bi5Nb0.5Y0.5O9.5 740 20 quenched 800 24 quenched 
Bi4Nb0.5Y0.5O8 740 20 
cooled at 
the rate of 
3-4 ºC/min 
800 24 
cooled at 
the rate of 
3-4 ºC/min 
Bi3.5Nb0.5Y0.5O7.25 740 20 quenched 800 24 quenched 
Bi3Nb0.5Y0.5O6.5 740 20 quenched 800 24 quenched 
Bi2.33Nb(1-x)Y x O6- x  
(0  x  1) in steps of 0.2 
650 24 quenched 800 24 quenched 
 
 
4.2.2 Crystallography 
All powder samples were characterised using X-ray powder diffraction (XRD). 
Two diffractometers (Philips PW 1050/30 diffractometer and a PANalytical X’Pert-Pro) 
were used in the present work as detailed in Chapter 2 (Section 2.5.2). All the high 
temperature XRD experiments were performed on a PANalytical X’Pert-Pro 
diffractometer with an Anton Paar HTK-16 furnace or an Anton Paar HTK-12. All data 
were collected over the 2θ range 5 to 120. Data collection parameters are summarised 
in Table 4.2. 
Neutron diffraction data were collected on selected samples, which were of high 
purity. Data presented in this chapter were collected on either the HRPD or Polaris 
diffractometers at ISIS, (RAL). The experimental details are summarised in Table 4.3.  
High intensity neutron diffraction data (> 1000 μA h) were collected for selected 
samples for total scattering studies. In each case the sample was placed in an 11 mm 
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diameter V can located in front of the back scattering detectors. Additional data were 
collected for the empty V-can and the empty sample chamber for data correction. 
 
Table 4.2 Data collection parameters for powder XRD experiments. 
 
Samples Instrument 
Temperature 
(C) 
Scaning step and rate 
() 
(counting 
time per step 
/s) 
(Bi2O3)1-x(YNbO4)x (0  x < 1) PW1050/30 ca. 25 0.02 7 
Bi3Nb0.5Y0.5O6.5 X’Pert 
ca. 25 0.0167 200 
300  800 0.033 200 
Bi3.5Nb0.5Y0.5O7.25 X’Pert ca. 25 0.0167 200 
Bi4Nb0.5Y0.5O8 X’Pert 
ca. 25 0.0167 200 
250  800 0.033 200 
Bi5Nb0.5Y0.5O9.5 X’Pert 
ca. 25 0.0167 200 
250  800 0.033 200 
Bi2.33Nb1-xY x O6- x (0  x  1)
 PW1050/30 ca. 25 0.02 7 
 
 
Table 4.3 Data collection parameters for neutron diffraction experiments. 
 
Samples Instrument Neutron flux c.a. (A·h) Temperature (C) 
Bi2.33YO5 Polaris 
200 ca. 25 
30 (200 at 800C) 300 to 800 (50 interval) 
Bi2.33Nb0.5Y0.5O5.5 HRPD 160 ca. 25 
Bi3Nb0.5Y0.5O6.5 Polaris 1000 ca. 25 
Bi3.5Nb0.5Y0.5O7.25 Polaris 
1000 ca. 25 
30 (200 at 800C) 300 to 800 (50 interval) 
Bi4Nb0.5Y0.5O8 
HRPD 150 ca. 25 
Polaris 
1000 ca. 25 
30 (200 at 800C) 300 to 800 (50 interval) 
Bi5Nb0.5Y0.5O9.5 
HRPD 160 ca. 25 
Polaris 
1000 ca. 25 
30 (200 at 800C) 250 to 800 (50 interval) 
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Structure refinements based on analysis of the Bragg reflection data were carried 
out by Rietveld whole profile fitting using the GSAS suite of programs [7]. Initial 
models for structure refinement of pseudo-cubic phases were based on the structure of 
δ-Bi2O3 [8]. A cubic subcell model was used with Bi, Nb and or Y located on the ideal 
fluorite 4a site in space group Fm-3m. Oxide ions were initially located in three sites; 8c 
at 0.25, 0.25, 0.25, 32f at ca. 0.29, 0.29, 0.29 and 48i at ca. 0.5, 0.2, 0.2. Initial 
refinements were carried out with oxygen site occupancies varying independently, but 
with a single tied isotropic thermal parameter. For final refinements a total occupancy 
constraint was applied as detailed in Section 2.2.1. An initial model for the monoclinic 
structure of YNbO4 was based on that proposed by Tanaka et al. [9] and Tsunekawa et 
al. [10].  
Total scattering analysis using reverse Monte Carlo simulations was used to 
model the local ordering in Bi3Nb0.5Y0.5O6.5 at 25C. The background scattering and 
beam attenuation were corrected for using the program Gudrun [11], and the resulting 
normalised total scattering structure factors, S(Q), were then used to obtain the 
corresponding total radial distribution function, G(r), via a Fourier transform as 
described in Chapter 2. The analysis of the total neutron scattering data (Bragg peaks 
plus diffuse scattering components) was carried out using the RMCProfile software 
[12]. All RMC simulations used configuration boxes of 10  10  10 unit cells.  The 
initial model was based on the ideal fluorite structure with atoms randomly distributed 
over sites in the supercell corresponding to the regular 4a and 8c crystallographic sites 
in the cubic Fm-3m subcell. Fitting was carried out against S(Q), G(r) and the Bragg 
profile data to provide a constraint for the long-range crystallinity. The former was 
broadened by convolution with a box function to reflect the finite size of the simulation 
box, (see Eqn. 3.3). Calculations were performed using bond valence summation (BVS) 
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constraints [13] and an O-O closest approach constraint (gO-O(r)) to avoid unrealistically 
short O-O contacts. Cation swapping (one random cation swapping positions with a 
random cation of another atomic species) was tested and found to have no significant 
influence on the fit. Therefore in the final calculations, only translational moves were 
permitted. 
 
 
4.2.3 Conductivity measurements 
Conductivities were measured for selected samples using a.c. impedance 
spectroscopy as described in Chapter 2 (section 2.5.4). Details of samples studied and 
conditions used are given in Table 4.4. 
 
Table 4.4 Details of a.c. impedance experiments. 
 
Samples Instrument 
Temperature 
range 
Frequency 
No. of 
Ramps 
Bi2.33Nb0.5Y0.5O5.495 
Solartron 
1255/1286 
100 to 700C 
1 to 1×10
7 
Hz 
2 
Bi3Nb0.5Y0.5O6.5 100 to 700 C 2 
Bi4Nb0.5Y0.5O8 100 to 700 C 3 
Bi5Nb0.5Y0.5O9.5 100 to 850 C 
1 to 5×10
5 
Hz 
2 
 
 
4.3 Results and Discussion  
 
4.3.1 The (Bi2O3)1-x(YNbO4)x system. 
Compositions in the pseudo-binary system (Bi2O3)1-x(YNbO4)x were synthesised 
in steps of x = 0.10. Attempts to synthesise all compositions in the (Bi2O3)1-x(YNbO4)x 
series at a synthesis temperature of 800˚C were unsuccessful. Only compositions with x 
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< 0.4 showed good reaction at these temperatures. For compositions with higher x 
values, temperatures in excess of 1100˚C were used, reflecting the refractory nature of 
YNbO4. Fig. 4.6 shows the X-ray powder diffraction patterns for samples in the 
(Bi2O3)1-x(YNbO4)x series. It is evident from these that the basic fluorite structure is 
maintained only to around x = 0.3 and is replaced at higher x-value compositions with a 
phase identified as monoclinic YNbO4 [14]. 
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Fig. 4.6 X-ray Diffraction patterns for samples in the series (Bi2O3)1-x(YNbO4)x. 
The pattern marked in blue indicates the limit of the fcc solid solution. 
 
 
Rietveld refinements were carried out for all compositions in the series. The data 
for compositions with x < 0.4 were fitted using a cubic subcell model as previously 
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described (Section 3.3). Figs. 4.7 and 4.8 show the fitted diffraction profiles for 
Bi4Nb0.5Y0.5O8 (x = 0.2) and Bi2.33Nb0.5Y0.5O5.5 (x = 0.3).  
 
Fig 4.7 Fitted diffraction profile for Bi4Y0.5Nb0.5O8 (x = 0.20) showing observed 
(+), calculated (line) and difference profiles (lower) and reflection positions (). 
 
 
Fig 4.8 Fitted diffraction profile for Bi2.33Y0.5Nb0.5O5.5 (x = 0.30) showing observed 
(+), calculated (line) and difference profiles (lower) and reflection positions (). 
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The XRD patterns of the higher x-value compositions are dominated by the 
monoclinic structure of YNbO4. The original structure of YNbO4 was reported in space 
group C2/c with cell dimensions a = 7.6454(4), b = 10.9994(5), c = 5.3172(2) Å,  = 
138.42 [14]. For the refinement of this phase, the unit cell was transformed to the body 
centred cell to give a smaller  angle using the program LePage [15]. The initial 
coordinates were transformed using the following matrix manipulation. 
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(4.1) 
The final refined parameters for the x = 1.0 composition are summarised in Table 
4.5, with the corresponding fitted diffraction profile in Fig. 4.9. 
 
Table 4.5 Final refinement and structural parameters for YNbO4. Estimated 
standard deviations are given in parentheses. 
 
Formula YNbO4 
Crystal system = monoclinic Space group = I2/c 
Z = 4  = 58.64 mm-1 F000 = 448 
Cell 
dimensions 
a = 5.0673(4), b = 10.943(1), c = 5.2926(4) Å,  = 94.463(5) 
Vol = 292.58(5) Å
3
 Density = 5.582 g cm
-3
 
R-factors: Rwp = 0.0832, Rp = 0.0656, 2 = 16.23 for 31 variables. 
Atom Site x y z Uiso / Å
2
 
Y 4e 0.0(-) 0.3778(5) 0.75(-) 0.017(2) 
Nb 4e 0.0(-) 0.8559(4) 0.75(-) 0.027(2) 
O(1) 8f 0.787(5) 0.783(1) 0.002(4) 0.021(3) 
O(2) 8f 0.751(4) 0.959(1) 0.590(3) 0.021(3) 
 
Refinements using the X-ray diffraction data of compositions 1.0 > x  0.4 
required a multi-phase approach using a standard fluorite model in space group Fm-3m 
and the monoclinic YNbO4 model given in Table 4.5. An example fit is shown in Fig. 
4.10 for the x = 0.9 composition.  
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Fig 4.9 Fitted diffraction profile for YNbO4 (x = 1.00) showing observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
 
 
 
Fig 4.10 Fitted diffraction profile for (Bi2O3)0.10(YNbO4)0.90 showing observed (+), 
calculated (line), difference profiles (lower), reflection positions for the YNbO4 () 
and cubic fluorite phase (). 
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4.3.1.1 Structure of (Bi2O3)1-x(YNbO4)x (0.167 x  0.300) 
Neutron diffraction data were collected on the x = 0.167, 0.200, 0.222 and 0.250 
compositions over the temperature range 25 to 800C for detailed investigation of the 
crystal structure. Fig. 4.11 shows detail of the room temperature diffraction patterns for 
these compositions. The cubic fluorite subcell model (space group Fm-3m) was used to 
model the neutron diffraction data for all four compositions. The fitted diffraction 
profiles for the x = 0.250 composition are shown in Fig. 4.12 as a representative 
example. Table 4.6 summarises the refined parameters for the four compositions at 
room temperature. 
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Fig 4.11 Neutron diffraction patterns (Polaris data) for (Bi2O3)1-x(YNbO4)x 
system at room temperature. 
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Fig 4.12 Fitted diffraction profiles for Bi3Nb0.5Y0.5O6.5 (x = 0.250) at ca. 25C. 
Neutron diffraction data from Polaris: (upper) backscattering bank data and 
(lower) low angle bank data. Observed (+), calculated (line) and difference 
profiles (lower) and reflection positions (). (XRD data continued on the following 
page) 
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Fig. 4.12 Continued. 
 
Table 4.6 Refined structural parameters for (Bi2O3)1-x(YNbO4)x (0.167  x  0.300) 
at room temperature using the cubic model in space group Fm-3m. 
 
x 0.167 0.200 0.222 0.250 
Formula weight 1287.7987 1054.8198 938.3303 821.8467 
a / Å 5.51131(1) 5.49574(1) 5.48805(11) 5.47830(6)  
Volume / Å
3
 167.404(1) 165.989(1) 165.293(3) 164.413(5)  
Z 1.5 1.25 1.125 1 
Theoretical 
Density / g cm
-3
 
8.25 8.17 8.11 8.03 
Rwp 
Neutron 
(Bank C)
 0.0148 0.0126 0.0150 0.0249  
Neutron 
(Bank A) 
0.0350 0.0330 0.0298 0.0385 
X-ray - - 0.0991 0.2934 
All data 0.0190 0.0158 0.0208 0.0358 
Total no. of 
variables 
175 173 122 86 
Bi/Nb/Y (4a) 
Uiso /Å
2
 
0.0336(2) 0.0319(1) 0.0305(1) 0.0271(2) 
O1 
(8c) 
Occ. 0.021(9) 0.089(8) 0.124(2) 0.082(8) 
Uiso / Å
2
 0.0980(5) 0.0649(4) 0.0582(5) 0.0592(9) 
O2 
(32f) 
x ,y, z 0.3073(6) 0.2930(4) 0.2975(5) 0.2902(3) 
Occ. 0.168(2) 0.153(3) 0.138(2) 0.160(2) 
Uiso / Å
2
 0.0980(5) 0.0649(4) 0.0582(5) 0.0592(9) 
O3 
(48i) 
y, z 0.1994(6) 0.2961(7) 0.2885(10) 0.302(2) 
Occ. 0.0165(1) 0.0164(1) 0.0181(2) 0.0171(1) 
Uiso / Å
2
 0.0980(5) 0.0649(4) 0.0582(5) 0.0592(9) 
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Neutron diffraction data for compositions 0.222  x  0.300 show clear 
superlattice reflections. This is a common feature for the Nb doped δ-Bi2O3 systems. 
The fact that these features are usually not observed in X-ray powder diffraction data, 
suggests that the ordering may associated with oxide ion sublattice. The superlattice 
reflections in the neutron diffraction pattern for x = 0.25 (Bi3Nb0.5Y0.5O6.5) are almost 
identical to those seen in c-Bi3NbO7, which exhibits an incommensurate superlattice 
structure. A simpler superlattice structure is observed at x = 0.222 and 0.200. At x = 
0.167, the superlattice reflections seen in the higher x-value compositions are replaced 
by a broad background feature associated with short-range ordering. This suggests that 
at low levels of substitution short-range ordering is favoured.  
At room temperature, the cubic lattice parameter shows a decreasing trend with x, 
(Fig 4.13) as expected due to the substitution of Bi
3+
 by the smaller Nb
5+
 and Y
3+
 
cations, generally obeying Vegard’s Law. The small deviation from Vegard’s Law for 
the x = 0.167 composition may be associated with changes in the Frenkel defect 
concentration.  
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Fig 4.13 Compositional variation of cubic unit cell parameters for the 
(Bi2O3)1-x(YNbO4)x system at room temperature. Error bars ( 2, where 
 is the estimated standard deviation) are smaller than the symbols. 
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Fig 4.14 Compositional variation of oxide ion site occupancy of the  
(Bi2O3)1-x(YNbO4)x system at room temperature. Values presented as fractions 
of total oxide ion content. Error bars correspond to  2. 
 
 
Rietveld refinements were also carried out against neutron diffraction data 
collected at elevated temperatures on the Polaris diffractometer at ISIS for compositions 
x < 0.25 and X-ray diffraction data for x = 0.25. Refined structural parameters for all 
compositions are summarised in Table 4.7. Satisfactory fits were obtained using the 
cubic fluorite model (in space group Fm-3m) over the entire temperature range (300 to 
800C) for all four compositions reported in this section. As an example, the fit to the 
800C neutron diffraction data for the x = 0.167 (Bi5Nb0.5Y0.5O9.5) composition is given 
in Fig. 4.15.  
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Table 4.7 Refined structural parameters for (Bi2O3)1-x(YNbO4)x (0.167  x  0.300) 
at 800C using the cubic model in space group Fm-3m. 
 
x 0.167 0.200 0.222 0.250 
Formula weight 1287.7987 1054.8198 938.3303 821.8467 
a / Å 5.58101(13) 5.57075(10) 5.55783(2) 5.5558(2) 
Volume / Å
3
 174.218(1) 172.878(9) 171.678 171.49(2) 
Z 1.5 1.25 1.125 1 
Theoretical density 
(g cm
-3
) 
7.92 7.85 7.81 7.70 
Rwp 
Neutron (Bank C)
 
0.0115 0.0065 0.0077 - 
Neutron (Bank A) 0.0275 0.0261 0.0226 - 
X-ray - - - 0.1007 
All data 0.0138 0.0088 0.0102 0.1007 
Total no. of variables 54 73 87 24 
Bi/Nb/Y (4a) Uiso /Å
2
 0.0638(3) 0.0609(2) 0.0602(4) 0.0509(9) 
O1 
(8c) 
Occ. 0.072(3) 0.23(2) 0.322(11) 0.465(1) 
Uiso / Å
2
 0.078(1) 0.0885(1) 0.0735(1) 0.029(8) 
O2 
(32f) 
x ,y, z 0.296(1) 0.3027(13) 0.3095(12) 0.339(2) 
Occ. 0.142(6) 0.109(4) 0.090(3) 0.073(1) 
Uiso / Å
2
 0.078(1) 0.0885(1) 0.0735(1) 0.029(8) 
O3 
(48i) 
y, z 0.1707(9) 0.3310(9) 0.3046(14) 0.213(2) 
Occ. 0.0255(1) 0.0216(1) 0.0205(1) 0.009(1) 
Uiso / Å
2
 0.078(1) 0.0885(1) 0.0735(1) 0.029(8) 
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Fig 4.15 Fitted diffraction profiles for x = 0.167 (Bi5Nb0.5Y0.5O9.5) at ca. 
800C. Neutron diffraction from Polaris:(upper) backscattering bank data 
and (middle) low angle bank data. Observed (+), calculated (line) and 
difference profiles (lower) and reflection positions (). 
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The thermal variation of cubic lattice parameter for the four studied compositions 
in this range is shown in Fig. 4.16. All samples investigated show non-linear behaviour 
in lattice expansion as seen previously in Bi3YO6 (Fig. 3.37). The degree of non-
linearity varies between compositions, with the highest x-value composition studied (x = 
0.25), exhibiting the least curvature. In contrast, the thermal expansion of lattice 
parameters for both c-Bi3NbO7 and t-Bi3NbO7, are almost linear (Figs 3.17 and 3.25). In 
(Bi2O3)1-x(YNbO4)x as the level of substitution increases, the lattice parameter decreases 
over the entire temperature range as expected. At 800C the cubic lattice parameter for 
all compositions obeys Vegard’s law (Fig 4.17). 
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Fig. 4.16 Thermal variation of cubic lattice parameter for compositions in the 
(Bi2O3)1-x(YNbO4)x (0.167  x  0.250) system. Error bars ( 2) are smaller 
than the symbols. 
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Fig 4.17 Compositional variation of cubic unit cell parameter for the 
(Bi2O3)1-x(YNbO4)x system at 800C. Error bars correspond to  2. 
 
 
Fig 4.18 displays the thermal variation of oxide ion distribution between O(1), 
O(2) and O(3) sites (8c, 32f and 48i sites respectively) for compositions 0.167  x  
0.222 (see also Appendix Table A2). There are clear similarities to the observed 
distribution in Bi3YO6 (section 3.3.3). Occupation of the 48i site (O(3)) is seen for all 
three compositions. In each case a small increase in occupancy of this site is observed 
on increasing the temperature to 800C. Occupation of the 8c site (O(1)) increases with 
increasing temperature mainly at the expense of the 32f site (O(2)). Interestingly, the 
fluorite based phases in the (Bi2O3)1-x(YNbO4)x system show higher occupation of the 
32f sites (and respectively considerably lower occupation of 8c sites) than that seen in 
Bi3YO6 and reflects the fact the compositions lie between the binary oxide systems 
Bi2O3-Y2O3 and Bi2O3-Nb2O5, the latter generally showing only occupation of the 32f 
and 48i sites. The variation of isotropic thermal parameters for cations and oxide ions of 
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compositions 0.167  x  0.222 is shown in Fig 4.19. The cation isotropic thermal 
parameters increase expectedly, showing the same type of non-linearity as seen in the 
thermal expansion of the cubic lattice parameter, while that of oxide ions also follows 
the same general trend, but are of much greater magnitude and the curves are far more 
scattered due to the positional disorder shown on the oxide ion sublattice.  
For the x = 0.25 composition neutron data was unavailable and only variable 
temperature X-ray measurements were obtained. This composition does however also 
lie within the Bi3Nb1−xYxO7−x system [3] and is expected to exhibit similar levels of 
disorder (Fig. 4.1).  
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Fig 4.18 Thermal variation of oxide ion site occupancy of O1 (8c-black square), 
O2 (32f- red circle) and O3 (48i-green triangle) in (Bi2O3)1-x(YNbO4)x 
compositions (a) x = 0.167, (b) x = 0.200 and (c) x = 0.222 (Continued on the 
following page). Values shown as fraction of total oxide ion content. Error bars 
correspond to  2. 
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Fig. 4.18 continued. 
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Fig. 4.19 Temperature variation of isotropic thermal parameters (Uiso) in 
(Bi2O3)1-x(YNbO4)x (0.167  x  0.222) of (a) cations and (b) oxide ions in 
studied compositions. Error bars correspond to  2. 
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4.3.1.2 Conductivity of (Bi2O3)1-x(YNbO4)x (0.167 x  0.300)  
Electrical characterisation of selected compositions in the (Bi2O3)1-x(YNbO4)x 
system was carried out using a.c. impedance spectroscopy. Typically in these kinds of 
measurements data from the first heating are influenced by surface contamination (e.g. 
surface water) and resulting in poorer electrical contact. The results from the first 
cooling onwards were generally reproducible and in this work those from the second 
cooling cycle are reported. Examples of typical impedance spectra are shown in Fig. 4. 
20, for the x = 0.167 composition and are characteristic for the main temperature 
regions for all the samples studied. At all temperatures a semicircle or part semicricle is 
observed corresponding to the total resistance (bulk + grain boundary) and a 
capacitative spike due to the blocking electrodes. Curvature in the blocking spike may 
be attributed to surface roughness effects.  
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Fig. 4.20 A. c. impedance spectra for Bi5Nb0.5Y0.5O9.5 at (a) high, (b) intermediate 
and (c) low temperatures. 
Chapter Four 
~183~ 
 
8.0x10
1
1.0x10
2
1.2x10
2
1.4x10
2
1.6x10
2
1.8x10
2
0.0
2.0x10
1
4.0x10
1
6.0x10
1
1 MHz
1 Hz
(b)
587
o
C
Im
 Z
 (
O
h
m
)
Re Z (Ohm)
 
2.5x10
4
3.0x10
4
3.5x10
4
4.0x10
4
4.5x10
4
0.0
4.0x10
3
8.0x10
3
1.2x10
4
1.6x10
4
1 MHz
1 Hz
(c)
353
o
C
Im
 Z
 (
O
h
m
)
Re Z (Ohm)
 
Fig. 4.20 continued. 
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Arrhenius plots of total conductivity for the x = 0.167, 0.200, 0.250 and 0.300 
compositions are shown in Fig. 4.21 (data corresponding to the second cooling cycle are 
shown). The plots can be divided into two linear regions with a transition between 400 
and 650 C. This type of behaviour is typical for compositions in the Bi2O3-Y2O3-
Nb2O5 system and has been previously described in the Bi3Nb1-xYxO7-x system [3].  
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Fig. 4.21 Arrhenius plots of total conductivity for compositions in the  
(Bi2O3)1-x(YNbO4)x system. 
 
 
High conductivities (σ  10-3 S cm-1) are observed for all compositions studied at 
above 400C. Out of all compositions investigated in the (Bi2O3)1-x(YNbO4)x system, 
the sample with the lowest level of substitution (x = 0.167) and the highest vacancy 
concentration exhibits the highest conductivities over the whole temperature range 
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studied. However, it also shows the most significant curvature in its Arrhenius plot of 
conductivity. 
Table 4.8 summarises the derived electrical parameters for these compositions, 
with the compositional variation at low, medium and high temperatures shown in Fig. 
4.22. Conductivity in the low temperature region characterised by the conductivity at 
300C (300) decreases with increasing substitution level. This trend is reflected in the 
compositional variation of the activation energy for the low temperature region ELT 
(Fig. 4.23). The conductivity in the high temperature region characterised by the 
conductivity at 800C, 800, shows high conductivities for compositions 0.167  x  
0.300, again with a decreasing trend as the level of substitution increases. At the x = 
0.250 composition, the high temperature activation energy is higher than that at lower 
temperatures. In contrast, at other x-values the high temperature activation energy is 
lower than that observed in the low temperature region.  
 
Table 4.8 Derived electrical parameters for selected compositions in 
the (Bi2O3)1-x(YNbO4)x system. Estimated standard deviations for 
activation energies are given in parentheses. 
 
Composition 
(x) 
σ300C  
(S cm
-1
) 
σ600C  
(S cm
-1
) 
σ800C  
(S cm
-1
) 
Ea (eV) 
HT region LT region 
0.167 4.05   10-5 1.22  10-1 6.11  10-1 0.73(2) 1.26(1) 
0.200 3.03  10-5 6.97  10-2 5.64  10-1 0.93(2) 1.15(1) 
0.250 6.45 × 10
-6
 1.83 ×10
-2
 2.94 ×10
-1
 1.20(2) 1.00(1) 
0.300 5.90 × 10
-7
 1.97 × 10
-2
 3.53 × 10
-2
 1.01(2) 1.25(1) 
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Fig. 4.22 Compositional variation of total conductivity for compositions in the  
(Bi2O3)1-x(YNbO4)x system.  
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Fig. 4.23 Compositional variation of activation energy in the low temperature 
region (ELT) and high temperature region (EHT) in the (Bi2O3)1-x(YNbO4)x 
system. Error bars correspond to  2. 
 
 
 
The compositional variation of conductivity and activation energy seen in Figs. 
4.22 and 4.23 show little change in almost all parameters above x = 0.25 and appear to 
be consistent with a solid solution limit at around x = 0.25 rather than x = 0.30.  
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4.3.1.3 Total scattering analysis of Bi3Nb0.5Y0.5O6.5  
Rietveld refinements of combined neutron and X-ray powder diffraction profiles 
for data collected at room temperature using the cubic fluorite model for 
Bi3Nb0.5Y0.5O6.5 are discussed above in section 4.3.1.1. Most Bragg peaks in the 
patterns can be indexed on a cubic cell of dimension a = 5.47830(6) Å in space group 
Fm-3m. Interestingly, in the neutron diffraction data, although there is clear evidence in 
the diffraction patterns for superlattice reflections, broad undulations are also clearly 
evident (Fig 4.12). The detailed Rietveld analysis shows positional disorder on the 
oxide ion sublattice with a distribution of ca. 80% of the oxide ions on the 32f site. The 
observed diffuse scattering in Bi3Nb0.5Y0.5O6.5 is likely to be associated with short-range 
ordering on this sublattice.  
A total scattering study on Bi3Nb0.5Y0.5O6.5 was carried out using the same 
methodology and techniques as described for Bi3YO6 (section 3.3.3). However, only 
room temperature data were collected. Simulation used a cubic model box with a 
dimension of 54.7830 Å and configurations of 10000 atoms (3000 Bi, 500 Nb and 500 
Y corresponding to the 4a sites and 6500 O atoms corresponding to the 8c sites in the 
subcell space group Fm-3m). 
The fitted total scattering function S(Q) and fitted total radial distribution function 
are displayed in Figs 4.24 and 4.25 respectively and confirm the RMC generated model 
gives a satisfactory fit to the neutron total scattering data.  
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Fig. 4.24 Fitted total scattering function for Bi3Nb0.5Y0.5O6.5 at room temperature. 
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Fig. 4.25 Fitted total radial distribution function G(r) for Bi3Nb0.5Y0.5O6.5 at 
room temperature.  
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A contour map (Fig. 4.26) generated from the configurations in the RMC model 
shows the average ionic density along the (110) plane of the corresponding 
crystallographic cubic unit cell. It confirms that the oxide ion distribution shows 
significant positional disorder around the ideal fluorite sites.  
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Fig. 4.26 The ionic density of Bi3Nb0.5Y0.5O6.5  as a slice through the (110) plane 
illustrating the Bi
3+
 (blue), Nb
5+
 (yellow), Y
3+
 (green) and O
2-
 (red) densities. 
 
 
During RMC modelling a bond valence sum (BVS) constraint and an O-O 
minimum distance constarint was applied. The resultant fitting of gO-O(r) is displayed in 
Fig. 4.27. The bond valance sum calculated from the atom configurations in the 10 × 10 
×10 supercell yield average valences of +3.07, +4.47, +3.05 and -1.99 for Bi, Nb, Y and 
O respectively. From the atom configurations, the individual pair distribution 
correlation functions for Bi3Nb0.5Y0.5O6.5 can be calculated and are shown in Figs. 4.28 
and 4.29. 
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Fig. 4.27 Fitted pair distribution function gO-O(r) at room temperature for 
Bi3Nb0.5Y0.5O6.5 using minimum distance and BVS constraints.  
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Fig. 4.28 Metal-Oxide ion partial distribution function gM-O(r) from RMC model 
for Bi3Nb0.5Y0.5O6.5 at room temperature.  
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Fig. 4.29 Metal-metal pair correlation functions gij(r) from RMC model for 
Bi3Nb0.5Y0.5O6.5 at room temperature. 
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Analysis of the RMC model was undertaken to determine local coordination 
environments for Bi3Nb0.5Y0.5O6.5
 
in the same way as for Bi3YO6. Fig. 4.30 shows the 
distribution of contact distances around Bi, Nb and Y. 
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Fig. 4.30 Contact distance distribution in RMC model for Bi3Nb0.5Y0.5O6.5 at room 
temperature. 
 
 
 
The average Bi-O, Nb-O and Y-O contact distances were found to be 2.59 Å, 2.19 
Å and 2.48 Å for Bi3Nb0.5Y0.5O6.5 at room temperature. The average contact distances 
for the first 8 contacts around each metal atom type is shown in Fig. 4.31a. A sigmoidal 
curve is evident in each case and the first derivative plots (Fig. 4.31b) reveal the points 
of inflexion, which are associated with a change from bonding to non-bonding contacts. 
It is clear that this change lies on average between the 4th and 5th contacts for Bi and 
for Y and between the 5th and 6th contacts for Nb. Taking averages of these contacts, 
maximum bond length values can be calculated as 2.55 Å, 2.44 Å and 2.47 Å for Bi-O, 
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Nb-O and Y-O respectively. Interestingly, the values for Bi-O and Y-O are fairly close 
to the the sum of the respective ionic radii, but that for Nb-O is significantly larger (1.17 
Å, 0.74, 1.019 Å and 1.38 Å for Bi
3+
, Nb
5+
, Y
3+
 and O
2-
 respectively [16]). This is a 
feature that can be attributed to significant distortion of niobate polyhedra [16].  The 
calculated values can be used as the bonding criteria for a more realistic approximation 
of the coordination numbers of the cations. Using these values the distribution of 
bonded contacts per cation can be obtained and is shown in Fig. 4.32. Bi coordinates 
between 2 to 6 O and Nb/Y between 2 to 8 O. The summation of all significant contacts 
between Bi-O, Nb-O and Y-O within their own bonding distance ranges reveal the 
average coordination numbers of 4.12, 4.99 and 4.22 for Bi
3+
, Nb
5+
 and Y
3+
 
respectively. The overall coordination number for Bi is consistent with the known 
stereochemistry of bismuth oxides. Lower than expected coordination number for Nb
5+
 
and Y
3+
 are observed unsurprisingly as the neutron scattering lengths of Nb (0.7050) 
and Y (0.7650) do not provide sufficient contrast to Bi (0.8495). Average bond lenths of 
2.251 Å, 1.993 Å and 2.186 Å are found for Bi-O, Nb-O and Y-O, respectively. Overall, 
the coordination number for O to all metal cations is calculated to be 2.61 with an 
average bond length of 2.193 Å. This is consistent with the high level of oxide ion 
positional displacement on 32f sites.  
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Fig. 4.31 (a) Average contact distances for first eight contacts around metal 
cations and (b) first derivative plot, from RMC modelling of Bi3Nb0.5Y0.5O6.5. 
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Fig. 4.32 Distribution of coordination numbers for Bi-O, Nb-O and Y-O 
bonding at room temperature from RMC modelling for Bi3Nb0.5Y0.5O6.5.  
 
 
The individual angular distribution functions (ADF) for Bi3Nb0.5Y0.5O6.5 at room 
temperature are plotted in Fig. 4.33. There is a single broad distribution of angles 
observed as expected for the M-O-M function, centred at around 120.3 indicative of  a 
distorted tetrahedral coordination for oxide ions in the ideal fluorite lattice. For the O-
M-O angular distributions three maxima are observed, which yield a ratio of 5.9:7.2:2 
for three angles 70.8:107.6:180. Unlike Bi3YO6 (section 3.3.3), Bi3Nb0.5Y0.5O6.5 has 
a nominal vacancy concentration of 1.5 per formula unit, which is equivalent to 0.375 
vacancies per metal atom. Since each vacancy is in the coordination sphere of 4 metal 
atoms, there are nominally on average 1.5 vacancies in the coordination environment of 
each metal atom. The calculated angular distribution ratio for a single vacancy in any 
location is the same as that for a random distribution of vacancies i.e. 3:3:1. Therefore it 
is possible to calculate the average ratios for 1.5 vacancies per metal atom as 4:4:2 for 
<111> ordering, 5:5.5:2 for <110> ordering and 5.5:5:2 for <100> ordering, based on a 
combination of the ratios for a single vacancy and a vacancy pair. However, none of 
these can account for the observed ratio. To explain the observed ratio one also needs to 
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consider additional vacancies that occur as a result of occupation of the 48i site. From 
the Rietveld analysis it is evident that oxide ions in the 48i site effectively constitute a 
Frenkel defect and hence increase the vacancy concentration on the fluorite oxide site. 
From the data in Table 4.7 the occupancy of the 48i site at room temperature is found to 
be 0.009, which is equivalent to a further 0.108 vacancies per metal atom. Therefore, 
the number of vacancies in the coordination sphere of each metal is 1.932. One can 
therefore expect angular ratios close to that calculated for 2 vacancies in the 
coordination sphere of each metal (i.e. 0.5 vacancies per metal atom). For a <110> 
ordering of vacancies the calculated ratio is 6:7:2 (see section 3.3.3), which is close to 
that observed.   
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Fig. 4.33 Angular distribution functions of M-O in Bi3Nb0.5Y0.5O6.5 from RMC 
calculation. 
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Although it is possible to break down the O-M-O ADF into the individual 
functions for Bi, Y and Nb (Fig. 4.34) with the angle ratios summarised in Table 4.9, 
the relatively poor neutron contrast between these atoms makes detailed analysis of 
these unreliable. 
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Fig. 4.34 Individual angular distribution functions in Bi3Nb0.5Y0.5O6.5 from 
RMC calculation.  
 
 
 
Table 4.9 Angle ratios for O-M-O in RMC model for Bi3Nb0.5Y0.5O6.5. 
 
O-M-O 
Angle 70.79 107.62 180 
Ratio 5.9 7.2 2.0 
O-Bi-O 
Angle 70.12 108.06 180 
Ratio 5.9 7.0 2.0 
O-Nb-O 
Angle 75.52 109.27 180 
Ratio 7.0 7.5 2.0 
O-Y-O 
Angle 68.28 105.07 180 
Ratio 3.8 29.9 2.0 
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4.3.2 The Bi2.33Nb1-xYxO6-x system 
X-ray diffraction patterns for samples of composition Bi2.33Nb1-xYxO6-x (Fig. 4.35) 
could all be modelled using the fluorite cubic structure. A typical fit is shown above in 
Fig. 4.8 for the x = 0.5 composition. 
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Fig. 4.35 X-ray diffraction patterns for samples in the series Bi2.33Nb1-xYxO6-x. 
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As seen in the (Bi2O3)1-x(YNbO4)x system, close inspection of the fit in each case 
revealed some evidence for peak splitting as well as additional weak peaks, particularly 
at low values of x. Nevertheless, fits to the cubic model were obtained and the 
compositional variation in cell dimensions (Fig. 4.36) reveals a minimum at around x = 
0.5. Neutron diffraction patterns show evidence of superlattice ordering at compositions 
below x  0.5 (Fig.4.37), which correlates well with the minimum seen in the 
compositional variation of cell dimension. Above x = 0.5, the increase in unit cell 
dimension reflects the substitution of Nb
5+
 by the larger Y
3+
 ion with ionic radii of 0.64 
and 1.019 Å respectively [16].  
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Fig. 4.36 Variation of cubic cell dimension, a, with composition in the  
Bi2.33Nb1-xYxO6-x system at room temperature. 
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Fig. 4.37 Neutron diffraction patterns (low angle bank, Polaris) for 
compositions in the Bi2.33Nb1-xYxO6-x system at room temperature. + indicates 
the additional peaks. 
 
 
The appearance of additional peaks in the diffraction patterns at low x-values is 
consistent with the observations of Castro et al. [17] in the Bi2O3-Nb2O5 system that if 
the Bi2O3:Nb2O5 molar ratio is less then 3:1, the reflections of the fluorite phase appear 
together with additional weak maxima, indicating the presence of a small quantity of the 
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Bi5Nb3O15. Detail of the diffraction pattern for the x = 0 composition Bi2.33NbO6 is 
shown in Fig. 4.38 and clearly show this phenomenon. 
 
 
Fig. 4.38 Detail of the diffraction pattern of Bi2.33NbO6. The unfitted peak beside 
the main peak at around 28.5 (2) is indicative of the presence of Bi5Nb3O15. 
Observed (+), calculated (line) and difference profiles (lower) and reflection 
positions (). 
 
 
Most of the samples in the Bi2.33Nb1-xYxO6-x system show some evidence of peak 
splitting indicating the partial phase transformation to the tetragonal Type-III structure. 
This is clearly seen in the HRPD data collected for the x = 0.5 composition which were 
modelled using a multi-phase approach (Fig. 4.39). Table 4.10 summarise the refined 
structural parameters for this composition. 
Chapter Four 
~203~ 
 
 
Fig. 4.39 Fitted HRPD room temperature data for Bi2.33Nb0.5Y0.5O5.5 using a 
multi-phase model. Observed (+), calculated (line) and difference profiles (lower) 
and reflections (). 
 
Table 4.10 Refinement and structural parameters for Bi2.33Nb0.5Y0.5O5.5 at room 
temperature. 
 
Formula Bi2.33Nb0.5Y0.5O5.5 
Phase crystal 
system 
Tetragonal Cubic 
space group I4/mmmm Fm-3m 
Cell dimensions 
a = b = 3.8483(3) Å and 
c = 5.4932(5) Å 
a = b= c= 5.4680(5) Å 
Volume 81.351(19) Å
3
 163.49(5) Å
3
 
R-factors: Rwp = 0.1583, Rp = 0.1412, 2 = 2.912 for 25 variables. 
Atom Site x y z Occ. Uiso / Å
2
 
Phase 1 (Tetragonal) 
Bi 2 0(-) 0(-) 0(-) 0.70(-) 0.047(2) 
Y 2 0(-) 0(-) 0(-) 0.15(-) 0.047(2) 
Nb 2 0(-) 0(-) 0(-) 0.15(-) 0.047(2) 
O 4 0(-) 0.5(-) 0.25(-) 0.72(4) 0.110(6) 
Phase 2 (Cubic) 
Bi 4a 0(-) 0(-) 0(-) 0.70(-) 0.023(2) 
Y 4a 0(-) 0(-) 0(-) 0.15(-) 0.023(2) 
Nb 4a 0(-) 0(-) 0(-) 0.15(-) 0.023(2) 
O 8c 0.25(-) 0.25(-) 0.25(-) 0.825(-) 0.130(6) 
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As seen in Fig. 4.21, the Arrhenius plot of conductivity for composition 
Bi2.33Nb0.5Y0.5O5.495 exhibits characteristic non-linearity in the 400 to 650C temperature 
region as seen in other substituted bismuth oxides. This non-linear behaviour is believed 
to be associated with subtle changes in the oxide ion distribution as seen in Bi3YO6 
(section 3.3.3).  
Only the data for the x = 1.0 composition (Bi2.33YO5) showed a pure cubic fluorite 
phase in its neutron diffraction pattern (Fig. 4.40) at 800C. Figs. 4.41 and 4.42 show the 
fitted diffraction profiles for this phase at room temperature and at 800C respectively, 
with the refined structural parameters given in Table 4.11. 
The thermal variation of the cubic lattice parameter and thermal parameters of 
cations and anions (Fig. 4.43 and Fig. 4.44) show non-linear behaviour as seen in other 
studied compositions. However, the thermal variation of oxide ion site occupancy (Fig. 
4.45) is less pronounced than seen in other compositions (see also Appendix Table A3). 
Nevertheless, there is still a small increase in the 48i site occupancy with a small decrease 
in the 8c site occupancy and the 32f site occupancy. These observations are consistent 
with a model in which increased Frenkel defect concentration with interstitials on the 48i 
site result in a larger than expected thermal expansion. 
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Fig. 4.40 Neutron diffraction patterns (low angle bank data at Polaris) for 
compositions in the Bi2.33Nb1-xYxO6-x system at 800C.  
 
(a) 
 
Fig. 4.41 Fitted profiles for x = 1.0 (Bi2.33YO5). Room temperature Polaris neutron 
diffraction data: (a) backscattering bank and (b) low angle bank and (c) XRD 
(continued on the following page). Observed (+), calculated (line) and difference 
profiles (lower) and reflections ().  
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(b) 
 
(c) 
 
Fig. 4.40 (Continued) 
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(a) 
 
(b) 
 
Fig. 4.42 Fitted profiles for x = 1.0 (Bi2.33YO5). Polaris neutron diffraction data at 
800C: (a) backscattering bank and (b) low angle bank. Observed (+), calculated 
(line) and difference profiles (lower) and reflections (). 
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Table 4.11 Refined structural and crystal parameters for x = 1.0 (Bi2.33YO5) at 
room temperature and 800C using the cubic model in space group Fm-3m. 
 
Temperature / C ca. 25 800 
Formula weight / g mol
-1 
656.52  
a / Å 5.4783(3) 5.54078(2) 
Volume / Å
3
 164.41(3) 170.104(2) 
Z 0.8333 
Density / g cm
-3
 7.96 7.69 
Rwp 
Neutron (Bank C)
 
0.0115 0.0074 
Neutron (Bank A) 0.0290 0.0247 
X-ray 0.0928 - 
All data 0.0183 0.0098 
Total No. of variables 110 85 
Bi/Nb/Y (4a) Uiso /Å
2
 0.0460(3) 0.0619(2) 
O1 
(8c) 
Occ. 0.194(2) 0.203(9) 
Uiso / Å
2
 0.0569(8) 0.0685(9) 
O2 
(32f) 
x ,y, z 0.3099(12) 0.3115(13) 
Occ. 0.059(2) 0.069(2) 
Uiso / Å
2
 0.0569(8) 0.0685(9) 
O3 
(48i) 
y, z 0.2869(19) 0.3076(18) 
Occ. 0.0130(4) 0.0140(4) 
Uiso / Å
2
 0.0569(8) 0.0685(9) 
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Fig 4.43 Thermal variation of cubic lattice parameter for composition of 
x = 1.0 (Bi2.33YO5). Error bars ( 2) are smaller than the symbols. 
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Fig. 4.44 Thermal variation of thermal parameters for cations and anions for 
composition of x = 1.0 (Bi2.33YO5). Values are presented as fraction of total oxide 
ion content. Error bars correspond to  2. 
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Fig. 4.45 Thermal variation of oxide ion site occupancy in composition of x = 1.0 
(Bi2.33YO5). Values are presented as fraction of total oxide ion content. Error 
bars correspond to  2. 
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4.4 Conclusions 
As seen in the parent binary systems, the ternary oxide system Bi2O3-Nb2O5-Y2O3 
yields fluorite related phases at the bismuth rich end of the ternary phase diagram. The 
fluorite solid solution limit lies at just below x = 0.3 in the pseudo-binary system 
(Bi2O3)1-x(YNbO4)x. In the perpendicular pseudo-binary system Bi2.33Nb1-xYxO6-x, fcc 
fluorite based structures are evident throughout the composition range however there is 
evidence for peak splitting indicating a lowering of symmetry. 
Detailed structural analysis of Bi3Nb0.5Y0.5O6.5 reveals bismuth coordination 
numbers of around 4 consistent with the known stereochemistry of bismuth oxides. 
Evidence from the O-M-O angular distribution function is consistent with a <110> 
ordering of vacancies. Additional vacancies on the fluorite oxide ion site occur through 
formation of Frenkel defects with interstitials preferentially coordinated to the 
substituting ions Nb
5+
 and or Y
3+
. An increase in the concentration of Frenkel defects 
occurs with increasing temperature and appears to be correlated with observed changes 
in non-linear thermal expansion of the cubic lattice parameter.  
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Chapter 5 The Bi2O3-Y2O3-PbO Ternary Oxide System 
 
5.0 Introduction 
The Bi2O3-Nb2O5-Y2O3 system discussed in Chapter 4 yielded fluorite based 
phases at the Bi2O3 rich end of the ternary phase diagram. These phases had vacancy 
concentrations equal to or less than that of -Bi2O3. In the Bi2O3-Nb2O5-Y2O3 system 
the δ-phase fluorite structure was maintained, but found to have a compositional and 
temperature dependent oxide ion distribution as well as compositionally dependent 
superlattice ordering. In this chapter, the effect of subvalent substitution of Bi
3+
 in the 
Bi2O3-Y2O3-PbO system is examined. In addition to the advantages of double 
substitution of Bi
3+
 (an increased configurational entropy contribution to the free energy 
[1]), substitution of Bi
3+
 by Pb
2+
 generates the possibility of vacancy concentrations 
greater than that in -Bi2O3, with potential benefits in terms of electrical behaviour. 
Moreover, Pb
2+
 has very similar structural characteristics to Bi
3+
 as it is also highly 
polarisable due to its stereochemically active 6s
2
 lone pair electrons and it is of similar 
ionic radius (1.19 Å [2]) to that of Bi
3+
.  
A detailed study has been carried out to analyse the defect structure in the Bi2O3-
PbO-Y2O3 system based on X-ray and neutron powder diffraction data. Conductivity 
measurements were performed on selected compositions and the structure-conductivity 
relationship is discussed and compared to that in the Bi2O3-Nb2O5-Y2O3 system studied 
in Chapter 4. 
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5.1 Background to the Bi2O3-PbO-Y2O3 system 
Studies in the Bi2O3-PbO system by Boivin et al. showed that a few solid 
solutions in this system exhibit high ionic conductivity at ca. 600C. However, these 
highly conducting phases were found to be stable only over a very narrow temperature 
range [3]. The first phase diagram of the Bi2O3-PbO system (Fig 5.1) was published by 
Biefield et al. [4] and the existence of four phases and one solid solution was 
established, viz: Bi12PbO19, Bi6Pb2O11, Bi8Pb5O17 and Bi2Pb3O6 and a solid solution 
based on -Bi2O3 (ss).  
 
 
Fig 5.1 Phase diagram of the Bi2O3-PbO system [4]. 
 
 
Further thermodynamic studies using DTA, XRD, scanning electron microscopy 
(SEM) and electron probe microanalysis (EPMA) by Diop et al. [5] completed this 
diagram with corrected compositional and temperature regions for the known phases 
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and a few more intermediate phases. However, Pb as a substituent was found to be 
unsuccessful in stabilising the fluorite δ-phase of bismuth oxide. 
In 1990, Omari et al. published a study of the Bi2O3-PbO-Y2O3 system (Fig 5.2) 
with the aim of combining the high performances of the Bi2O3-PbO system and the 
good stability of Bi2O3-Y2O3 system. This was satisfactorily achieved within certain 
compositional regions [6]. They reported the compositional variation of the lattice 
parameter in the Bi0.75(1-x)Pb0.75xY0.25O1.5-0.375x (Bi3-3xPb3xYO6-1.5x) system (Fig 5.3).  
 
 
Fig. 5.2 Compositions studied by Omari et al, in the Bi2O3-PbO-Y2O3 system with 
the general formula Bi(1-n)(1-x)Pb(1-n)xYnO1.5-(1-n)x/2 (a) partial decomposition region 
and (b) non-decomposition region [6]. 
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Fig. 5.3 Compositional dependence of the cubic lattice parameter, a, for the  
Bi3-3xPb3xYO6-1.5x series at room temperature reported by Omari et al. [6]. 
 
 
Omari et al. [6] concluded that double substitution of Pb
2+
 and Y
3+
 for Bi
3+
 in 
Bi2O3 could yield stabilised δ-Bi2O3 type phases with high conductivity (Fig 5.4). Two 
compositional sub-domains were observed, one which showed decomposition between 
500 and 720C into a -Bi2O3 type phase and a rhombohedral phase and a second sub-
domain, which showed no such decomposition. Both the compositional variation of 
cubic lattice parameter and Arrhenius plots of conductivity showed non-linear behaviour 
which they attributed to the existence of two fluorite modifications.  
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(a) 
 
Fig. 5.4 Arrhenius plots for Bi(1-n)(1-x)Pb(1-n)xYnO1.5-(1-n)x/2 with (a) n = 0.25 and 
(b) n = 0.2 by Omari et al. [6]. 
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(b) 
 
 
 
Fig. 5.4 continued. 
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5.2 Experimental 
 
5.2.1 Sample preparation 
Selected samples in the Bi2O3-PbO-Y2O3 system were prepared using 
conventional solid-state methods as described earlier (section 2.5.1). Specific 
experimental details are given in Table 5.1. The following compositional series were 
examined.  
(I) Bi3-xPbxYO6-0.5x (x = 0.10, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60 and 0.70)  
(II) Bi4-xPbxYO7-0.5x (x = 0.25, 0.5, 0.60 and 0.75) 
(III) Bi5-xPbxYO9-0.5x (x = 0.25, 0.50 and 0.75) 
(IV) Parent compounds of series (II) and (III): Bi3PbO5.5 and Bi4PbO7 respectively. 
 
Table 5.1 Synthesis conditions for samples in the Bi2O3-PbO-Y2O3 system. 
 
Composition(s) 
Initial Reaction Final Reaction 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
T 
(ºC) 
Time 
(hrs) 
Cooling 
procedure 
Bi3-xPbxYO6-0.5x  
(x = 0.10, 0.20, 0.25, 0.30, 
0.40, 0.50, 0.60 and 0.70) 
650 20 quenched 800 24 quenched 
Bi4-xPbxYO7-0.5x 
(x = 0.25, 0.5, 0.60 and 0.75) 
650 20 quenched 800 24 quenched 
Bi5-xPbxYO9-0.5x 
(x = 0.25 0.5 and 0.75) 
650 20 quenched 800 24 quenched 
Bi3PbO5.5  650 20 quenched 750 24 quenched 
Bi4PbO7 650 24 quenched 750 24 quenched 
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5.2.2 Crystallography 
All powder samples were characterised using X-ray powder diffraction (XRD). 
Three diffractometers (Philips PW 1050/30, Siemens D5000 and a PANalytical X’Pert-
Pro) were used in the present work. All the high temperature XRD experiments were 
performed on the PANalytical X’Pert-Pro with an Anton Paar HTK-1600 furnace. All 
data were collected over the 2θ range 5 to 120. Experimental conditions are 
summarised in Table 5.2. 
 
Table 5.2 Powder XRD experimental details. 
 
Samples Instrument 
Temperature 
(C) 
Scaning step and rate 
() 
counting time 
per step (s) 
Bi3-xPbxYO6-0.5x 
(x = 0.10, 0.20, 0.30 and 0.50) 
PW1050/30 ca. 25 0.02 7 
Bi3-xPbxYO6-0.5x 
(x = 0.25, 0.40, 0.60 and 0.70) 
X’Pert ca. 25 0.0167 200 
Bi4-xPbxYO7.5-0.5x 
(x = 0.25, 0.5, 0.6 and 0.75) 
X’pert ca. 25 0.0167 200 
Bi5-xPbxYO9-0.5x 
(x = 0.25 0.5 and 0.75) 
X’pert ca. 25 0.02 200 
Bi3PbO5.5 
X’Pert 
ca. 25 0.033 200 
300  650 0.033 200 
D5000 ca. 25 0.02 200 
Bi4PbO7 D5000 ca. 25 0.0167 200 
 
Neutron diffraction data were collected on selected samples. Data presented in 
this chapter were collected on either the D2B diffractometer at the Institut Laue-
Langevin (ILL) or the Polaris diffractometer at ISIS, (RAL). The experimental details 
are summarised in Table 5.3.  
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Table 5.3 Neutron powder diffraction experimental details. 
 
Samples Instrument x 
Neutron flux c.a. (A·h) / 
Monitor Counts 
Temperature 
(C) 
Bi3-xPbxYO6-0.5x  
(0.1x0.6) 
D2B 
0.1 
to 
0.3 
4.2 M monitor counts at 25C 
0.6 M monitor counts for VT 
ca. 25C 
300C to 
800C (50C 
interval) 
0.5 
and 
0.6 
3.6 M monitor counts 
3 M monitor counts 
ca. 25C 
Polaris 
0.25 1000 A·h ca. 25C 
0.40 
1000 A·h at ca. 25C 
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
300C to 
800C (50C 
interval) 
Bi4-xPbxYO7-0.5x  
(0.25x0.6) 
Polaris 
0.25 1000 A·h ca. 25C 
0.50 
1000 A·h at ca. 25C  
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
300C to 
800C (50C 
interval) 
0.60 
1000 A·h at ca. 25C  
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
300C to 
800C (50C 
interval) 
Bi5-xPbxYO9-0.5x 
(0.25x0.5) 
Polaris 
0.25 1000 A·h ca. 25C 
0.50 
1000 A·h at ca. 25C  
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
300C to 
800C (50C 
interval) 
Bi3PbO5.5  Polaris - 
200 A·h at ca. 25C  
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
300C to 
650C (50C 
interval) 
Bi4PbO7 Polaris - 
1000 A·h at ca. 25C  
30 A·h at 300C to 750C 
200 A·h at 800C 
ca. 25C  
400C to 
650C (50C 
interval) 
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Rietveld refinements based on analysis of the Bragg reflection data were carried 
out by whole profile fitting using the GSAS suite of programs [7]. Initial models for 
structure refinement for the cubic fluorite phase were based on the structure of δ-Bi2O3 
[8,9,10]. A cubic subcell model was used with Bi, Pb and/or Y located on the ideal 
fluorite 4a site in space group Fm-3m. Oxide ions were initially located in three sites 8c 
at 0.25, 0.25, 0.25; 32f at ca. 0.29, 0.29, 0.29 and 48i at ca. 0.5, 0.2, 0.2. In these 
refinements, a total occupancy constraint was applied allowing occupancy refinement 
between the 8c, 32f and 48i sites, with the total oxide ion content fixed at that of the 
stoichiometric formula (see Section 2.2.1). Isotropic thermal parameters were refined 
for all atoms with those for the cations tied to a single value and those for the anions 
similarly tied.  
 
 
5.2.3 Electrical measurements 
Electrical parameters were determined by a.c. impedance spectroscopy using a 
fully automated Solartron 1255/1286 system in the frequency range 1 Hz to 5 × 10
5
 Hz 
and temperature range from ca. 200 °C to ca. 850 °C. Details of the experimental 
conditions are summarised in Table 5.4. Measurements were performed for two cycles 
of heating and cooling. Arrhenius plots presented for all compositions in the following 
sections of this chapter are based on the data measured from the second cooling process. 
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Table 5.4 Details of a. c. impedance experiments. 
 
Samples Temperature Range 
(C) Formula x 
Bi3-xPbxYO6-0.5x 
0.1 180  850 
0.2 280  850 
0.3 200  850 
0.4 280  850 
Bi4-xPbxYO7-0.5x 0.25 200  850 
Bi5-xPbxYO9-0.5x  0.25 280  850 
 
 
5.2.4 Thermal Analysis 
Bi3PbO5.5 was characterised by DTA as described in Chapter 2 (Section 2.5.5). 
The sample was heated from 30C to 800C at 10C per minute in air and then cooled 
down to 30C at the same rate.  
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5.3 Results and discussion 
 
5.3.1. Bi3-xPbxYO6-0.5x (0.1  x  0.7) 
X-ray diffraction data show that compositions in the Bi3-xPbxYO6-0.5x series 
maintain a fluorite structure throughout the studied composition range (0.1  x  0.7). 
However, additional peaks are observed in the x = 0.7 composition (Fig 5.5), indicating 
that this composition lies above the solid solution limit. No superlattice reflections are 
observed in either X-ray or neutron powder diffraction data (Fig. 5.6). However, diffuse 
scattering features are clearly evident in all compositions investigated in this series 
indicative of local ordering. Neutron and X-ray Bragg scattering peaks can be indexed 
on a cubic model in space group Fm-3m. Detailed refinements were carried out using 
the cubic fluorite model described above (section 5.2.2).  
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Fig. 5.5 X-ray diffraction pattern for the x = 0.7 composition in the  
Bi3-xPbxYO6-0.5x system. Red circles indicate shoulders seen repeatedly on the 
side of peaks and (+) show some of the additional peaks observed. 
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Fig. 5.6 Neutron Diffraction profiles for Bi3-xPbxYO6-0.5x compositions at room 
temperature: (a) backscattering data from Polaris (ISIS) and (b) D2B (ILL) 
data with  = 1.23Å. 
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Examples of fitted profiles are shown in Figs. 5.7 and 5.8 (for representative 
compositions x = 0.25 and 0.30 respectively). Some significant differences in the 
residual plot for the X-ray fit (Fig 5.8b) were observed due to difficulty in modelling 
absorption. 
 
(a) 
 
 
 
(b) 
 
 
Fig. 5.7 Fitted Polaris neutron diffraction profiles for x = 0.25 at room 
temperature: (a) backscattering data and (b) low angle data with observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
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(a) 
 
 
(b) 
 
 
Fig. 5.8 Fitted powder diffraction profiles for x = 0.30 at room temperature: 
(a) neutron diffraction data from D2b at ILL and (b) XRD data with observed 
(+), calculated (line) and difference profiles (lower) and reflection positions (). 
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Table 5.5 Refined structural parameters for Bi3-xPbxYO6-0.5x at room at room temperature using the cubic model in 
space group Fm-3m. 
 
x 0.10 0.20 0.25 0.30 0.40 0.50 0.60 
Formula weight / g mol
-1 
810.87 809.89 809.39 808.91 807.93 806.95 805.98 
a / Å 5.49091 (4) 5.48886 (7) 5.48742 (2) 5.4859 (2) 5.48348 (1) 5.48073 (8) 5.47808 (14) 
Volume / Å
3
 165.552 (8) 165.366 (7) 165.236 (2) 165.099 (18) 164.811 (1) 164.632 (8) 164.393 (12) 
Z 1 1 1 1 1 1 1 
Density / g cm
-3
 7.874 7.874 7.875 7.877 7.881 7.880 7.882 
Rwp 
Polaris (Bank C)
 
- - 0.0079 - 0.0145 - - 
Polaris (Bank A) - - 0.0304 - 0.0303 - - 
D2B 0.0380 0.0380 - 0.0297 - 0.0398 0.0475 
X-ray 0.1063 0.1066 - 0.1113 - - 0.1238 
All data 0.0705 0.0732 0.0101 0.0648 0.0181 0.0398 0.1069 
Total no. of variables 59 59 86 57 85 45 76 
Bi/Nb/Y (4a) Uiso /Å
2
 0.0508 (4) 0.0513 (4) 0.04599 (13) 0.0497 (3) 0.0477 (1) 0.0448 (4) 0.0683 (7) 
O1 
(8c) 
Occ. 0.398 (6) 0.339 (6) 0.397 (8) 0.404 (6) 0.381 (7) 0.406 (5) 0.30 (6) 
Uiso / Å
2
 0.065 (3) 0.054 (3) 0.0622 (7) 0.064 (3) 0.0612 (5) 0.061 (2) 0.047 (6) 
O2 
(32f) 
x ,y, z 0.307 (5) 0.303 (3) 0.3069 (10) 0.309 (4) 0.3058 (7) 0.309 (3) 0.298 (10) 
Occ. 0.059 (9) 0.073 (8) 0.070 (2) 0.061 (7) 0.073 (2) 0.063 (6) 0.068 (3) 
Uiso / Å
2
 0.065 (3) 0.054 (3) 0.0621 (7) 0.064 (3) 0.0612 (5) 0.061 (2) 0.047 (6) 
O3 
(48i) 
y, z 0.173 (4) 0.189 (4) 0.334 (2) 0.190 (4) 0.3236 (16) 0.212 (7) 0.167 (5) 
Occ. 0.018 (1) 0.018 (1) 0.0100 (4) 0.014 (2) 0.0091 (4) 0.010 (1) 0.023 (2) 
Uiso / Å
2
 0.065 (3) 0.054 (3) 0.0621 (7) 0.064 (3) 0.0612 (5) 0.061 (2) 0.047 (6) 
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Refined structural parameters at room temperature for the studied compositions 
are summarised in Table 5.5. The fact that the Rwp value for composition x = 0.60 is 
significantly higher than those for lower x-value compositions, suggests that this 
composition may lie above the solid solution limit. 
The compositional variation of the lattice parameter at room temperature obeys 
Vegard’s law (Fig. 5.9). It shows a decreasing trend with increasing x value. This is not 
as expected due to the substitution of Bi
3+
 by the larger cation Pb
2+
 (1.17 Å and 1.19 Å 
for Bi
3+
 and Pb
2+
 respectively [2], but consistent with the previously reported 
observations (Fig 5.3) of Omari et al. [6]. This contraction may be explained by the 
decrease in oxide ion content associated with maintaining electroneutrality. 
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Fig. 5.9 Compositional variation of cubic unit cell parameter for the Bi3-xPbxYO6-0.5x 
series at room temperature. Error bars correspond to  2 (where  is the estimated 
standard deviation). 
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Structure refinement results revealed oxide ion scattering over three 
crystallographic sites: 8c ((O1)), 32f (O(2)) and 48i (O(3)) in the cubic Fm-3m space 
group. Fig. 5.10 summarises the compositional variation of the refined oxide ion 
distribution at room temperature. In the Bi3-xPbxYO6-0.5x system, all compositions 
studied exhibit a greater concentration of oxide ions on the 8c site than on the 32f site. 
The occupancy of the 48i site in the x = 0.10 composition is slightly higher than that 
observed for the x = 0.00 composition (Fig. 3.37, section 3.3.3). The occupancy of the 
48i site appears constant between x = 0.10 and x = 0.20, but then drops significantly at 
compositions above this. However, at x = 0.60 the 48i site occupancy shows a 
significant increase. Our studies on the Bi2O3-Nb2O5-Y2O3 system have shown 
significant thermal variation of oxide ion distribution (sections 3.3.1, 3.3.3, 4.3.1.1 and 
4.3.2). It is clear that variation in these values might be associated with differences in 
synthetic parameters as well as ageing phenomena [11]. 
As the 48i site is not seen to be occupied in -Bi2O3 (Section 1.3) it is believed 
that oxide ions on this site are exclusively associated with the dopant cations, Pb
2+
 
and/or Y
3+
. The presence of oxide ion scattering in the O(3) site allows for a distorted 
octahedral geometry around the dopant ion (Fig 5.11) as discussed in previous chapters 
(sections 3.3.1.1, 3.3.3 and 4.3.1.1).  
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Fig. 5.10 Compositional variation of the oxide ion site occupancy as a 
fraction of total oxide ion content in the Bi3-xPbxYO6-0.5x series at ca. 25C. 
Values shown are fractions of the total oxide ion content. Error bars 
correspond to  2. 
 
 
Fig. 5.11 Predicted octahedral coordination geometry for Y and or Pb 
in Bi3-xPbxYO6-0.5x. 
 
Table 5.6 shows the significant contact distances in the Bi3-xPbxYO6-0.5x system at 
room temperature. For all compositions studied, with the exception of the Bi/Pb/Y-O(2)' 
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distance (of ca. 2.9Å), the observed values lie within the sum of the ionic radii (Bi
3+
, 
1.17Å; Pb
2+
, 1.19 Å; Y
3+
, 1.019 Å, O
2-
, 1.38 Å) [2]. The Bi/Pb/Y-O(2)' contact may be 
considered non-bonding.  
 
Table 5.6 Significant contact distances (Å) in Bi3-xPbxYO6-0.5x at ca. 25 C. 
 
x = 0.10 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37764 (1) 
2.255 (5) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.92 (5) 
2.032 (9) 
x = 0.20 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37675 (2) 
2.259 (4) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.88 (3) 
1.997 (7) 
x = 0.25 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37612 (1) 
2.2543 (10) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.917 (9) 
2.048 (5) 
x = 0.30 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37546 (6) 
2.252 (4) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.93 (4) 
1.995 (8) 
x = 0.40 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37442 (0) 
2.2538 (8) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.905 (7) 
2.021 (3) 
x = 0.50 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37324 (3) 
2.249 (3) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.94 (3) 
1.959 (8) 
x = 0.60 
Bi/Pb/Y-O(1) 
Bi/Pb/Y-O(2) 
2.37209 (4) 
2.261 (14) 
Bi/Pb/Y-O(2)' 
Bi/Pb/Y-O(3) 
2.83 (10) 
2.041 (13) 
 
Rietveld refinements using the fcc fluorite model described earlier were carried 
out using data collected at elevated temperatures. The thermal variation of lattice 
parameter, isotropic thermal parameters and oxide ion site occupancies are shown in 
Figs. 5.12, 5.13 and 5.14 respectively. For all compositions studied, the thermal 
expansion of the lattice parameter is non-linear. This has been associated with a subtle 
temperature dependent redistribution of oxide ions in the cubic lattice as discussed in 
previous chapters (sections 3.3.2, 3.3.3, 4.3.1.1 and 4.3.2). At all temperatures studied, 
the cubic lattice parameter contracts as the Pb concentration increases.  
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Fig 5.12 Thermal variation of cubic lattice parameter for compositions in the 
Bi3-xPbxYO6-0.5x system. Error bars correspond to  2. 
 
The oxide ion site distribution for all compositions reveals a higher oxide ion 
occupancy on the 8c site than on the 32f site (see also Appendix Table A4). The large 
estimated standard deviations on the results derived from D2B data preclude detailed 
analysis. However, the data derived from the Polaris data reveal the general trends. As 
the temperature increases, the O(1) (8c) occupancy generally decreases, while that of 
O(2) (32f) increases. The O(3) (48i) occupancy, as often seen previously, shows an 
increasing trend as the temperature increases.  
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Fig 5.13 Thermal variation of the oxide ion site occupancy of O(1) (8c), O(2) (32f) 
and O(3) (48i) in the Bi3-xPbxYO6-0.5x system with (a) x = 0.10, (b) x = 0.20, (c) x = 
0.25, (d) x = 0.30 and (e) x = 0.40. Values shown as fraction of total oxide ion content. 
(Continued on the following page). Error bars correspond to  2. 
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Fig 5.13 (continued) 
 
As seen with oxide ion distribution, the plots of the thermal variation of the oxide 
ion site distribution and isotropic thermal parameters are much noisier for results 
derived from D2B data than those from Polaris data, with higher estimated standard 
deviations. Nevertheless, general increasing trends are seen with temperature for both 
annions and cations, with the large anion thermal parameters describing significant 
positional disorder. 
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Fig. 5.14 Temperature variation of isotropic thermal parameters (Uiso) in 
the Bi3-xPbxYO6-0.5x system of (a) cations and (b) oxide ions. Error bars 
correspond to  2. 
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Electrical characterisation of selected compositions in the Bi3-xPbxYO6-0.5x system 
was carried out using a.c. impedance spectroscopy. Arrhenius plots of total conductivity 
for the x = 0.10, 0.20, 0.30 and 0.40 compositions are displayed in Fig. 5.15 (results 
based on data corresponding to the second cooling cycle are shown).  
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Fig 5.15 Arrhenius plots of total conductivity for compositions in the 
Bi3-xPbxYO6-0.5x system. 
 
 
The plots are similar to those seen in the Bi2O3-Y2O3-Nb2O5 system (Sections 
3.3.3 and 4.3.1.2), with linear regions above 600C and below 350C. However, in the 
Pb substituted system the transition region between 350 and 600C can also be 
considered as linear and therefore the system can be considered as exhibiting three 
linear regions (HT: high temperature, IT: intermediate temperature and LT: low 
Chapter Five 
237 
 
temperature) with transitions at ca. 350C and 600C. The Arrhenius plots reveal that 
the compositions 0.1  x  0.4 in the Bi3-xPbxYO6-0.5x system exhibit good conductivities 
at above 400C (> 4.50 × 10-2 S cm-1), however they all show lower conductivities than 
that of the parent composition Bi3YO6 [12]. The derived electrical parameters are 
included in Table 5.7 for these compositions.  
 
Table 5.7 Derived electrical parameters for selected compositions in  
the Bi3-xPbxYO6-0.5x system. Estimated standard deviations on activation energies 
are given in parentheses. 
 
x 
σ300  
(S cm
-1
) 
σ600  
(S cm
-1
) 
σ800  
(S cm
-1
) 
Ea (eV) 
HT IT LT 
0.10 1.15 × 10
-5 
6.94 × 10
-2
 3.47 × 10
-1
 0.73(2) 1.37(2) 1.20(2) 
0.20 8.52 × 10
-6
 6.24 × 10
-2
 3.49 × 10
-1
 0.83(2) 1.42(2) 1.20(2) 
0.30 6.35 × 10
-6
 4.64 × 10
-2
 3.50 × 10
-1
 0.96(2) 1.43(2) 1.22(2) 
0.40 3.71 × 10
-6
 4.94 × 10
-2
 3.03 × 10
-1
 0.72(2) 1.49(2) 1.25(2) 
 
Conductivity in the low temperature region as characterised by the conductivity at 
300 C (300) shows a decreasing trend as x increases (Fig 5.16). Interestingly, between 
x = 0.10 and 0.30 there is a small decreasing trend in the conductivity at 600C (σ600) 
and a small increasing trend in the conductivity at 800C (σ800) as shown in Fig 5.16. At 
the x = 0.40 composition σ600 increases while σ800 increases at x = 0.40. However, it 
should be noted that these changes are relatively small in magnitude. The trend of σ800C 
is reflected in the compositional variation of the activation energy in the high 
temperature region (EHT) (Fig. 5.17). The activation energy in the low temperature and 
intermediate temperature regions (ELT and EIT respectively) shows a general 
increasing trend (Fig 5.17). In all the compositions studied EIT is significantly higher 
than both ELT and EHT. For all compositions studied using a. c. impedance 
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spectroscopy in this series, the activation energies of the three regions show the order as 
EIT > ELT > EHT. 
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Fig 5.16 Compositional variation of Total conductivity for compositions in the  
Bi3-xPbxYO6-0.5x system.  
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Fig 5.17 Composition variation of activation energies in high and low 
temperature regions for compositions in the Bi3-xPbxYO6-0.5x system. Error bars 
correspond to  2. 
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5.3.2 Bi4-xPbxYO7.5-0.5x (0.25  x  0.75) 
The X-ray powder diffraction patterns for samples in the Bi4-xPbxYO7.5-0.5x system 
are shown in Fig. 5.18. The data show that a cubic fluorite type structure is maintained 
over the compositional range 0.25  x  0.75. However the data for the x = 0.75 
composition show additional peaks, indicating that this composition lies above the solid 
solution limit. 
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Fig 5.18 Room temperature XRD patterns for samples in the series Bi4-xPbxYO7.5-
0.5x (x = 0.25, 0.50, 0.60 and 0.75). Inset is detail of the XRD pattern for the x = 0.75 
composition with shoulders (○) and additional peaks indicated (+).  
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Neutron powder diffraction data were collected for the compositions x = 0.25, 
0.50 and 0.60 (Fig 5.19). There is no evidence for superlattice ordering and Rietveld 
analysis of these data was carried out using a cubic fluorite model as previously 
described. An example fitted diffraction profile at room temperature (x = 0.25) is shown 
in Fig. 5.20. The contraction of the cubic lattice parameter in this system as the 
substitution level of Pb for Bi increases as observed in the Bi3-xPbxYO6-0.5x series, is also 
observed in the Bi4-xPbxYO7.5-0.5x series (Fig 5.21). Refined parameters for the x = 0.25, 
0.50 and 0.60 compositions at room temperature are summarised in Table 5.8. 
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Fig 5.19 Neutron powder diffraction patterns (backscattering data 
collected on Polaris) for samples in the series Bi4-xPbxYO7.5-0.5x (x = 0.25, 
0.5 and 0.6) at room temperature. 
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(a) 
 
 
(b) 
 
Fig 5.20 Fitted diffraction profile for Bi3.75Pb0.25YO7.375 showing observed (+), 
calculated (line) and difference profiles (lower) with reflection positions () 
indicated ((a) back scattering data and (b) low angle data). 
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Fig. 5.21 Compositional variation of cubic unit cell parameter for 
the Bi4-xPbxYO7.5-0.5x series at room temperature. Error bars 
correspond to  2. 
 
Table 5.8 Refined structural parameters for Bi4-xPbxYO7.5-0.5x at room temperature 
using the cubic model in space group Fm-3m. 
 
x 0.25 0.50 0.60 
Formula weight / g mol
-1 
1042.38 1039.93 1038.95 
a / Å 5.503755 (13) 5.502350 (14) 5.501650 (13) 
Volume / Å
3
 166.716 (1) 166.588 (1) 166.525 (1) 
Z 0.8 0.8 0.8 
Density / g cm
-3
 8.04 8.03 8.02 
Rwp 
backscattering
 
0.0121 0.0125 0.0112 
low angle 0.0245 0.0259 0.0276 
All data 0.0134 0.0151 0.0139 
Total no. of variables 87 85 87 
Bi/Nb/Y (4a) Uiso /Å
2
 0.0453 (3) 0.04421 (11) 0.0474 (2) 
O1 
(8c) 
Occ. 0.353 (6) 0.356 (6) 0.351 (5) 
Uiso / Å
2
 0.0669 (6) 0.0640 (6) 0.0655 (5) 
O2 
(32f) 
x ,y, z 0.3083 (6) 0.3081 (8) 0.3082 (6) 
Occ. 0.080 (1) 0.076 (2) 0.075 (1) 
Uiso / Å
2
 0.0669 (6) 0.0640 (6) 0.0655 (5) 
O3 
(48i) 
y, z 0.1922 (15) 0.1745 (15) 0.191682 
Occ. 0.0110 (4) 0.0110 (4) 0.0120 (4) 
Uiso / Å
2
 0.0669 (6) 0.0640 (6) 0.0655 (5) 
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The compositional variation of the oxide ion distribution at room temperature for 
the Bi4-xPbxYO7.5-x system is shown in Fig. 5.22. As in the Bi3-xPbxYO6-0.5x system, oxide 
ion scattering is seen on three crystallographic sites 8c ((O1)), 32f (O(2)) and 48i (O(3)) 
in the cubic Fm-3m space group. All three compositions studied exhibit higher 
occupancies on the 8c site than on the 32f site. There is apparently little significant 
change with composition.  
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Fig. 5.22 Compositional variation of oxide ion site occupancy as a fraction of total 
oxide ion content in the Bi4-xPbxYO7.5-0.5x series at room temperature. Error bars 
correspond to  2. 
 
Neutron diffraction data were also collected for compositions x = 0.50 and 0.60 at 
elevated temperatures. Room temperature models were used as a starting model for each 
composition in Rietveld refinement for the elevated temperature data. Fig. 5.23 shows 
the thermal variation of the cubic lattice parameter for these two compositions. A non-
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linear thermal expansion is clearly evident, which can be divided into three temperature 
regions (I) ca. 25 to 450C, (II) 450 to 600C and (III) 600 to 800C.  
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Fig 5.23 Thermal variation of cubic lattice parameter, a, in Bi4-xPbxYO7. 5-0.5x. Error 
bars ( 2) are smaller than the symbols. 
 
The refined oxide ion site occupancies presented as fractions of the total oxide 
content are shown as a function of temperature in Fig. 5.24 (see Also Appendix Table 
A5). For all compositions the O(1) occupancy on the 8c site is generally higher than that 
of O(2) on the 32f site. Very little significant thermal change is observed in the O(1) 
(8c) and O(2) (32f) distribution. Overall the 48i site appears to become more favoured at 
higher temperatures as seen previously in other systems (sections 3.3.1, 3.3.3, 4.3.1.1 
and 4.3.2). The thermal variation of the isotropic thermal parameters (Uiso) for cations 
and oxide ions show increasing trends (Fig 5.25) that reflect the thermal expansion of 
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the lattice parameter. The larger values for the anions indicate that this parameter 
describes significant positional disorder. 
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Fig 5.24 Thermal variation of oxide ion site occupancy of O(1) (8c), O(2) (32f) 
and O(3) (48i) in the Bi4-xPbxYO7.5-0.5x system with x = (a) 0.5 and (b) 0.6. Error 
bars correspond to  2. 
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Fig. 5.25 Thermal variation of isotropic thermal parameters (Uiso) in the 
Bi4-xPbxYO7.5-0.5x system of (a) cations and (b) oxide ions. Error bars 
correspond to  2. 
 
Electrical characterisation of Bi3.75Pb0.25YO7.375 was carried out on a typical 
composition in the Bi3-xPbxYO6-0.5x system (x =0.25) using a.c. impedance spectroscopy. 
The Arrhenius plot of total conductivity for this composition is displayed in Fig. 5.26 
(results based on data corresponding to the second cooling cycle are shown).  
The plot can be divided into three linear regions (I, II, III) with two transitions 
(between 250 and 300C and 500 and 600C respectively). Very high conductivities 
(6.12 × 10
-1
 S cm
-1
 at 800C) are observed in the high temperature region (III). Derived 
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electrical parameters are summarised in Table 5.9 for this composition. 
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Fig 5.26 Arrhenius plot of total conductivity for Bi3.75Pb0.25YO7.375. 
 
 
 
Table 5.9 Derived electrical parameters for Bi3.75Pb0.25YO7.375. Estimated standard 
deviations for activation energies are given in parentheses. 
 
Region I II III 
Conductivity 
(S cm
-1
) 
σ300  σ600  σ800  
1.83 × 10
-5 
1.37 × 10
-1
 6.12 × 10
-1
 
Ea(eV) 1.03(2) 1.38(2) 0.69(2) 
 
Between 300C and 600C, the conductivity rises sharply. The high temperature 
region (III) has the lowest activation energy overall, while that of the intermediate 
temperature region (II) is higher than the other two.  
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5.3.3 Bi5-xPbxYO9-0.5x (x = 0.25, 0.5 and 0.75)  
The X-ray powder diffraction patterns for selected samples in the Bi5-xPbxYO9-0.5x 
system are shown in Fig. 5.27. The data clearly show a cubic fluorite type structure for 
all compositions studied (0.25  x  0.75). However, the pattern for composition x = 
0.75 shows additional peaks indicating that this composition lies just above the solid 
solution limit in this series. Neutron powder diffraction data were collected for the x = 
0.25 and 0.50 compositions. Rietveld analysis of these data using the cubic fluorite 
model was carried out. The fitted diffraction profiles for the x = 0.25 composition are 
shown in Fig. 5.28 as an example. The refined parameters are summarised in Table 5.10. 
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Fig 5.27 XRD patterns for samples in the series Bi5-xPbxYO9-0.5x (x = 0.25, 0.5 
and 0.75) at room temperature. Inset is detail of the XRD pattern for the x 
=0.75 composition with shoulders (○) and additional peaks (+) indicated.  
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(a) 
 
(b) 
 
Fig 5.28 Fitted diffraction profile for Bi4.75Pb0.25YO9.875 showing observed (+), 
calculated (line), difference profiles (lower) and reflection positions () with (a) back 
scattering data and (b) low angle scattering data. 
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Table 5.10 Refined structural parameters for Bi5-xPbxYO9-0.5x at room temperature 
using the cubic model in space group Fm-3m. 
 
x 0.25 0.50 
Formula weight / g mol
-1 
1275.36 1272.91 
a / Å 5.50386 (1) 5.51566 (1) 
Volume / Å
3
 166.725(2) 167.800 (2) 
Z 0.6667 0.6667 
Density / g cm
-3
 8.20 8.13 
Rwp 
backscattering
 
0.0148 0.0113 
low angle 0.0244 0.0237 
All data 0.0168 0.0133 
Total no. of variables 87 85 
Bi/Nb/Y (4a) Uiso /Å
2
 0.0457 (3) 0.04246 (10) 
O1 
(8c) 
Occ. 0.362 (7) 0.278 (10) 
Uiso / Å
2
 0.0666 (6) 0.0637 (5) 
O2 
(32f) 
x ,y, z 0.3094 (6) 0.3037 (6) 
Occ. 0.077 (1) 0.096 (2) 
Uiso / Å
2
 0.0666 (6) 0.0637 (5) 
O3 
(48i) 
y, z 0.1924 (14) 0.1588 (12) 
Occ. 0.011 (1) 0.011 (1) 
Uiso / Å
2
 0.0666 (6) 0.0637 (5) 
 
Unlike the other series studied in the Bi2O3-PbO-Y2O3 system, the cubic lattice 
parameter in the Bi5-xPbxYO9-0.5x series at room temperature is significantly smaller in 
the lower x value composition than in the higher x value composition.  
Oxide ion occupancy of three sites (Fig 5.29) in space group Fm-3m: O(1) (8c), 
O(2) (32f) and O(3) (48i) is observed for both compositions. The occupancy of O(1) is 
higher than that of O(2) at x = 0.25, while at x = 0.50 the occupancy of O(2) is higher 
than that of O(1). The occupancy of the 48i site remains fairly constant between the two 
studied compositions.  
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Fig. 5.29 Compositional variation of a fraction of total oxide ion content 
distributed on oxide ion sites in the Bi5-xPbxYO9-0.5x series at room temperature. 
Error bars correspond to  2. 
 
 
Elevated temperature neutron diffraction data were collected for Bi4.5Pb0.5YO8.75. 
Rietveld refinements were carried out using the room temperature structure as a starting 
model for the elevated temperature data. Thermal variations of the cubic lattice 
parameter, oxide ion site distribution and isotropic thermal parameter (Uiso) are plotted 
in Figs 5.30, 5.31 and 5.32 respectively (see also Appendix Table A6). Three regions are 
clearly evident in the thermal expansion of the cubic lattice parameter. In the present 
work, Bi4.5Pb0.5YO8.75 is the only Pb substituted composition which shows generally 
higher occupancy of O(2) (32f site) than of O(1) (8c site). O(1) occupancy increases 
while O(2) occupancy decreases with temperature up to 700C. Like all other 
compositions studied in this chapter, the occupancy of the 48i site increases with 
increasing temperature. As expected, the isotropic thermal parameters of both cations 
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and anions show increasing trends with temperature and appear to reflect the trends seen 
in thermal expansion of cubic lattice parameter. 
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Fig 5.30 Thermal variation of cubic lattice parameter, a, in Bi4.5Pb0.5YO8.75. . 
Error bars ( 2) are smaller than the symbols. 
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Fig. 5.31 Thermal variation of oxide ion site occupancies in Bi4.5Pb0.5YO8.75. Values 
shown as fractions of total oxide ion content. Error bars correspond to  2. 
 
Chapter Five 
253 
 
 
0 100 200 300 400 500 600 700 800
0.04
0.05
0.06
0.07
0.08
 cations
 oxide ion
U
is
o
 /
 Å
2
T / 
o
C
 
Fig. 5.32 Thermal variation of isotropic thermal parameters (Uiso) of cations 
and oxide ions in Bi4.5Pb0.5YO8.75. Error bars correspond to  2. 
 
 
A.c impedance data were collected for the composition x = 0.25 in this series. The 
Arrhenius plot (data based on the 2
nd
 cooling procedure) of conductivity (Fig. 5.33) 
exhibits three linear regions (I, II and III) as observed previously in the Arrhenius plot 
for Bi3.75Pb0.25YO7.375, with two transitions (between 300 and 400C and 500 and 600C 
respectively). High conductivity appears in regions II and III. However, surprisingly the 
conductivity of Bi4.75Pb0.25YO8.75 is lower than the conductivity of Bi3.75Pb0.25YO7.375. 
Derived electrical parameters are summarised in Table 5.11 for this composition. The 
high temperature region (III) has the lowest activation energy overall, while that of the 
intermediate temperature region (II) is higher than the other two. 
 
Chapter Five 
254 
 
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2
-5
-4
-3
-2
-1
0
1
2
3
(III)
(II)
 [
o
C]
(I)
lo
g
 (

T
) 
1000/T [1/K]
800 600 400 200
 
Fig 5.33 Arrhenius plot of total conductivity for Bi4.75Pb0.25YO8.875. 
 
 
Table 5.11 Derived electrical parameters for Bi4.75Pb0.25YO8.75. Estimated standard 
deviations for activation energies are given in parentheses. 
 
Region I II III 
Conductivity 
(S cm
-1
) 
σ300  σ600  σ800  
1.77 × 10
-5 
7.47 × 10
-2
 3.85 × 10
-1
 
Ea(eV) 1.32(2) 1.38(2) 0.75(2) 
 
 
Chapter Five 
255 
 
5.3.4 Bi3PbO5.5 and Bi4PbO7 
In order to examine the phase transformation temperatures in this binary oxide 
system, a DTA experiment was performed on a sample of Bi3PbO5.5. The DTA 
thermogram for the composition Bi3PbO5.5 is shown in Fig. 5.34. Two endotherms are 
evident on heating. A sharp endotherm corresponding to a phase transition is seen at 
617C and is in reasonable agreement with the data presented in Fig. 5.1. A second 
sharp endotherm at 695C corresponds to melting, but appears less complex than would 
be expected from Fig. 5.1. This difference might be associated with differences in 
heating rate. The two exotherms seen on cooling show the reversibility of the heating 
thermal events.  
100 200 300 400 500 600 700 800
-15
-10
-5
0
5
10
15
20
25
exo
[5]
[4]
[3]
[2]
[1] 253
o
C
[2] 617
o
C
[3] 695
o
C
[4] 678
o
C
[5] 547
o
C
[1]
Temperature / 
o
C
H
e
a
t 
F
lo
w
 
V
 Heating
 Cooling
 
Fig. 5.34 DTA thermograms for compositions Bi3PbO5.5. 
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X-ray and neutron diffraction data (Fig. 5.35) were collected for Bi3PbO5.5 over 
the temperature range 16 to 650 C. It is evident that the crystal structure transforms 
into a higher symmetry phase between 600 and 650C. The composition Bi3PbO5.5 
corresponds to a line phase in the B2O3-PbO phase diagram (Fig. 5.1). The observed 
transition agrees with the reported value of 610C [4], which is also in agreement with 
the DTA thermogram (Fig. 5.34). In the data for Bi3PbO5.5, there is no obvious evidence 
for a second transition at around 580C.  
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Fig 5.35 Powder diffraction patterns for sample Bi3PbO5.5 between room 
temperature and 650C. (a) back scattering neutron diffraction data, (b) low angle 
neutron scattering diffraction data and (c) XRD (Continued on the following page). 
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Fig. 5.35 continued 
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Fig. 5.36 Neutron powder diffraction patterns for sample Bi4PbO7 between room 
temperature and 650C. (a) back scattering diffraction data and (b) low angle 
scattering diffraction data. 
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The crystal structures of Bi3PbO5.5 and Bi4PbO7 are unknown. The room 
temperature X-ray data for both samples are in good agreement with the standard 
pattern for Bi6Pb2O11 (JCPDS 41-404), which was reported to be monoclinic with cell 
dimensions a = 3.9074 Å, b = 5.5556 Å, c = 3.7724 Å and  = 102.61. A LeBail type 
refinement was carried out using this model for the Bi3PbO5.5 X-ray data and the fit is 
shown in Fig. 5.37a. A reasonable fit was obtained in space group P2/m yielding refined 
cell dimensions of a = 3.9062(2) Å, b = 5.5499(3) Å, c = 3.7695(2) Å,  = 102.552(3), 
V = 99.77(1) Å
3
. However, similar fits to the neutron data revealed a number of peaks 
that could not be indexed on this cell (Fig.5.37b) and points to the cell being incorrect. 
Attempts to determine the cell ab initio using automatic indexing procedures were 
unsuccessful. The unusual diffraction pattern is unlike that of any other known oxide of 
bismuth or lead. However, it is very similar to that for La2PbO4+x (JCPDS 42-338). 
Unfortunately the cell dimensions and structure of this phase are also unknown. 
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(a) 
 
 
(b) 
 
Fig. 5.37 LeBail fit to (a) X-ray and (b) neutron (back scattering) diffraction data 
for Bi3PbO5.5, using a monoclinic model in space group P2/m. Observed (+), 
calculated (line) and difference profiles (lower) with reflection positions () 
indicated. 
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The high temperature X-ray data for Bi3PbO5.5 can be fairly well indexed on a 
cubic cell of approximate dimension a = 10.4 Å. However, there are no general 
systematic absences which means such a cell must be primitive and therefore does not 
correspond to the well known -Bi2O3 cell (space group I23) which has similar cell 
dimensions. Although a LeBail type refinement was successfully carried out in space 
group Pm-3m, attempts to solve the structure from the integrated intensities were 
unsuccessful.  Comparison of the neutron diffraction patterns at 650C for the two 
studied compositions reveals an increase in intensity of several peaks in the data for 
Bi4PbO7, which were very weak in the data for Bi3PbO5.5. This suggests that the 
samples are in fact biphasic at high temperature. Using a two-phase model the data for 
both compositions can be indexed as a mixture of a cubic -Bi2O3 type phase (sillenite, 
JCPDS 45-1344, space group I23, a = 10.2670 Å) and a second cubic phase, which 
appears to agree with the diffraction data for Bi1.23Pb0.27O2.62 (JCPDS 45-293, space 
group Im-3m, a = 4.3581 Å). Structure refinement was carried out using the model of 
Rangavittal et al. [13] for Bi24Pb2O40 for the -phase structure and the model for Bi1.45 
Cd0.54O3 reported by Kirik et al. [14] for the smaller cubic phase. In both cases the 
stoichiometry was fixed at the calculated value. Tables 5.12 and 5.13 show the refined 
structural parameters for the Bi3PbO5.5 and Bi4PbO7 compositions respectively, with the 
corresponding fitted diffraction profiles in Figs 5.38 and 5.39 respectively. The profile 
for Bi3PbO5.5 additionally showed weak peaks corresponding to the low temperature 
phase, which were not modelled. 
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Table 5.12 Structure and refinement parameters for a biphasic sample of 
composition Bi3PbO5.5 at 650C. 
 
(a) R-factors 
 
Neutron back 
scattering 
Neutron low angle X-ray 
Rwp 0.0114 0.0347 0.0763 
Rp 0.0261 0.0310 0.0574 
Rex 0.0070 0.0234 0.0381 
RF
2
 0.6918 0.4948 0.1801 
No. of data points 3441 3890 6880 
No of reflections 685 214 368 
2 3.218 
No. of variables 108 
 
(b) Phase 1 Structural Parameters 
a = 10.3859(2) Å, Vol = 1120.30(6)Å
3
, Space group = I23  
Weight fraction (neutron backscattering) = 0.017(1) 
Atom Site x y z Occ. Uiso / Å
2
 
Bi(1) 2a 0.0 0.0 0.0 0.75 0.0644(7) 
Pb(1) 2a 0.0 0.0 0.0 0.25 0.0644(7) 
Bi(2) 24f 0.8238(3) 0.6798(3) 0.9789(2) 0.75 0.0644(7) 
Pb(2) 24f 0.8238(3) 0.6798(3) 0.9789(2) 0.25 0.0644(7) 
O(1) 24f 0.8678(18) 0.7206(19) 0.4905(30) 1.0 0.021(5) 
O(2) 8c 0.7948(19) 0.7948(19) 0.7948(19) 1.0 0.021(5) 
O(3) 8c 0.1486(50) 0.1486(50) 0.1486(50) 0.469 0.021(5) 
 
(c) Phase 2 Structural Parameters 
a = 4.42271(8) Å, Vol = 86.510(5) Å
3
, Space group = Im-3m  
Weight fraction (neutron back scattering) = 0.9832(5) 
Atom Site x y z Occ. Uiso / Å
2
 
Bi 2a 0.0 0.0 0.0 0.75 0.1205(7) 
Pb 2a 0.0 0.0 0.0 0.25 0.1205(7) 
O 24g 0.2042(19) 0.5 0.0 0.115 0.179(2) 
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Table 5.13 Structure and refinement parameters for a biphasic sample of 
composition Bi4PbO7 at 650C. 
 
(a) R-factors 
 
Neutron back 
scattering 
Neutron low angle 
Rwp 0.0097 0.0298 
Rp 0.0212 0.0290 
Rex 0.0080 0.0268 
RF
2
 0.2550 0.1754 
No. of data points 3441 3890 
No of reflections 685 204 
2 1.366 
No. of variables 73 
 
 
(b) Phase 1 Structural Parameters 
a = 10.38735(1) Å, Vol = 1117.90(3)Å
3
, Space group I23  
Weight fraction (neutron backscattering) = 0.232(5) 
Atom Site x y z Occ. Uiso / Å
2
 
Bi(1) 2a 0.0 0.0 0.0 0.80 0.0465(9) 
Pb(1) 2a 0.0 0.0 0.0 0.20 0.0465(9) 
Bi(2) 24f 0.8216(2) 0.6807(2) 0.9852(3) 0.80 0.0465(9) 
Pb(2) 24f 0.8216(2) 0.6807(2) 0.9852(3) 0.20 0.0465(9) 
O(1) 24f 0.8666(3) 0.7527(4) 0.5159(4) 1.0 0.0375(9) 
O(2) 8c 0.8134(4) 0.8134(4) 0.8134(4) 1.0 0.0375(9) 
O(3) 8c 0.1079(8) 0.1079(8) 0.1079(8) 0.550 0.0375(9) 
 
(c) Phase 2 Structural Parameters 
a = 4.42604(3) Å, Vol = 86.705(2) Å
3
, Space group = Im-3m  
Weight fraction (neutron back scattering) = 0.768(5) 
Atom Site x y z Occ. Uiso / Å
2
 
Bi 2a 0.0 0.0 0.0 0.80 0.116(1) 
Pb 2a 0.0 0.0 0.0 0.20 0.116(1) 
O 24g 0.1974(10) 0.5 0.0 0.117 0.170(2) 
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(a) 
 
(b) 
 
Fig. 5.38 Fitted diffraction profiles for biphasic sample of Bi3PbO5.5 at 650C, 
showing (a) neutron back scattering, (b) neutron low angle and (c) X-ray diffraction 
data. Observed (+), calculated (line) and difference profiles (lower) with reflection 
positions () indicated. 
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(c) 
 
Fig. 5.38 continued. 
 
(a) 
 
Fig. 5.39 Fitted diffraction profiles for biphasic sample of Bi4PbO7 at 650C, showing 
(a) neutron back scattering and (b) neutron low angle data. Observed (+), calculated 
(line) and difference profiles (lower) with reflection positions () indicated. 
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(b) 
 
Fig. 5.39 continued. 
 
The data in Tables 5.12 and 5.13 reveal a significant change in weight fraction 
between the two compositions studied, with the -phase fraction increasing with 
increasing Bi content. The small change in cell dimensions suggest changes in the 
stoichiometry of the two phases between the studied compositions. The large thermal 
parameters on the atoms in the smaller cubic phase may indicate some positional 
disorder and/or significant error in phase composition.  
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5.4 Conclusions 
The double substitution of Pb
2+
 and Y
3+
 into Bi2O3 leads to -phase stabilisation. 
Structure refinement shows a higher vacancy concentration than pure -Bi2O3.  There is 
no evidence for superlattice ordering in the neutron diffraction data, only background 
features indicative of local defect ordering.  The thermal variation of conductivity and 
cubic lattice parameter in the Pb/Y substituted bismuth oxides differ from those seen in 
the Nb/Y substituted systems. Three temperature regions are evident, which appear to 
correspond to different oxide ion distributions in the cubic cell. Vacancy concentrations 
which are nominally higher than in -Bi2O3 can be obtained. However in general the 
conductivities obtained are lower than in the pure bismuth oxide, but still very high in 
comparison to other systems. 
Lead substitution for Bi in bismuth oxide leads to the formation of several 
phases. At the composition Bi3PbO5.5 at least three new phases are observed, one (or 
more) at low temperature and two at 650C. The structure of the low temperature phase 
remains unknown. However at high temperatures the primary phase obtained is a body 
centred cubic phase related to Bi1.45Cd0.54O3. A secondary sillenite phase is also 
observed which becomes more evident at higher Bi compositions.  
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Chapter 6 Conclusions 
The present thesis reports investigations of structure-property relationships in 
Bi2O3-Nb2O5-Y2O3 and Bi2O3-PbO-Y2O3 based solid electrolytes. In total, 39 different 
compositions were investigated, of which two were bismuth niobates, one was a bismuth 
yttrate, two were bismuth lead oxides, nineteen were bismuth niobium yttrates and 
fifteen were bismuth lead yttrates. Structural analysis proved that the δ-Bi2O3 phase was 
successfully obtained at room temperature by substituting one or two cations in all cases 
apart from Bi3PbO5.5, Bi4PbO7 and Bi5Nb3O15. Electrical measurements using a. c. 
impedance spectroscopy were performed on ten compositions (Table 6.1). All samples 
showed fully reversible behaviour within the measured heating and cooling runs after 
the 1
st
 heating run. Based on all the electrical conductivity data collected in this research 
project, Bi5Nb0.5Y0.5O9.5 and Bi3.75Pb0.25YO7.375 are reported to be the best conductors in 
the Bi2O3-Nb2O5-Y2O3 and Bi2O3-PbO-Y2O3 systems respectively throughout the 
temperature range studied (Fig. 6.1). Overall among the ten compositions reported, the 
solid electrolyte with the highest total conductivity appears to be Bi3.75Pb0.25YO7.375 at 
800 and 600C, while Bi5Nb0.5Y0.5O9.5 exhibits the highest conductivity at lower 
temperatures (ca. 280  380C). In comparison with the conductivities reported by 
Abrahams et al. and Krok et al. [1,2] in the system Bi2O3-Nb2O5-Y2O3 (Figs. 4.2 and 
4.4), conductivities of the compositions reported in this thesis are generally higher than 
that of the bismuth niobates, but lower than that of Bi3.5YO6.75.  
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Fig. 6.1 Arrhenius plots of total conductivity for selected compositions 
studied in the present work compared to Bi3YO6 and Bi3NbO7. 
 
The description of the Arrhenius plots in terms of two linear regions at high and 
low temperatures, with a transitional non-linear region with an onset between 400 to 
500ºC, was reported previously in the Bi3NbO7-Bi3YO6 binary system [1]. Such 
character has also been observed in all the compositions studied in this thesis. In the 
Arrhenius plots for Pb
2+
/Y
3+
 double substituted samples, the transitional region was 
clearly evident and the plots were more accurately described as being composed of 
three linear regions, low temperature, intermediate temperature and high temperature 
with transitions at ca. 350 and 600ºC. The activation energy of the intermediate 
temperature region is generally higher than both the high and low temperature regions 
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giving the plots a reverse sigmoidal shape. It is believed that this description is also 
true for the Nb
5+
/Y
3+
 double substituted system, but is less well defined in the plots. 
From the data in Table 6.1 some general features can be summarised as follows: 
1. In each of the two systems, the total conductivity decreases as the content of Bi (ratio 
of Bi: all cations) decreases. 
2. At a comparable substitution level (ratio of Bi: all cations), the samples in the 
Bi2O3-PbO-Y2O3 system exhibit higher conductivities than those in the 
Bi2O3-Nb2O5-Y2O3 system with the exception of Bi4.75Pb0.25YO8.875. This may be 
explained by the chemical similarity of Bi
3+
 and Pb
2+
, leading to similar 
stereochemical environments for these two cations. Taking the (Bi
3+
 + Pb
2+
):Y
3+
 
ratio as 3:1 the studied compositions are seen to have comparable conductivities to 
Bi3YO6 [1]. 
3. Within both the Bi2O3-PbO-Y2O3 and Bi2O3-Nb2O5-Y2O3 systems, conductivity 
increases as the unit cell dimension increases with exception of Bi4.75Pb0.25YO8.875 
and decreases as the oxide ion content increases with the exception of the 
Bi3-xPbxYO6-0.5x series. However, the conductivities in the Bi3-xPbxYO6-0.5x have 
negligible differences especially at high temperatures.  
 
Overall, it can be concluded, that while the Arrhenius plots show great similarity, 
the variation of conductivity cannot attributed to a single effect due to differences in the 
local environment of the substituting cations. 
Chapter Six 
~272~ 
 
Table 6.1 Summary of total conductivities, activation energies and selected structural parameters for the ten samples measured whose 
electrical behaviour was studied in this project.  
 
Composition 
σ (S cm-1) Ea (eV) ratio  
a / Å
*
 
O per 
unit 
cell 
48i site 
occupancy 800C 600C 300C HT IT LT 
Bi : 
cation 
(Bi+Pb) 
: cation 
Bi5Nb0.5Y0.5O9.5 6.1110
-1
 1.2210-1 4.0510-5 0.73 - 1.25 0.833 0.833 5.51131(1) 6.33 0.0165 
Bi4Nb0.5Y0.5O8 5.6410
-1
 6.9710-2 3.0310-5 0.93 - 1.15 0.800 0.800 5.49574(1) 6.40 0.0164 
Bi3Nb0.5Y0.5O6.5 2.94×10
-1
 1.83×10
-2
 6.45×10
-6
 1.20 - 1.00 0.750 0.750 5.48805(1) 6.50 0.017 
Bi2.33Nb0.5Y0.5O5.5 3.53×10
-2
 1.97×10
-2
 5.90×10
-7
 1.01 - 1.25 0.700 0.700 5.47830(6) 9.43 - 
Bi3.75Pb0.25YO7.375 6.12×10
-1
 1.37×10
-1
 1.83×10
-5 
0.69 1.38 1.03 0.750 0.800 5.50376(1) 5.90 0.0110 
Bi4.75Pb0.25YO8.875 3.85×10
-1
 7.47×10
-2
 1.77×10
-5
 0.75 1.38 1.32 0.791 0.833 5.50386(1) 5.92 0.0110 
Bi2.9Pb0.1YO5.95 3.47×10
-1
 6.94×10
-2
 1.15×10
-5 
0.73 1.38 1.20 0.725 0.750 5.49091(4) 5.95 0.018 
Bi2.8Pb0.2YO5.90 3.49×10
-1
 6.24×10
-2
 8.52×10
-6
 0.83 1.42 1.20 0.700 0.750 5.48886(7) 5.90 0.018 
Bi2.7Pb0.3YO5.85 3.50×10
-1
 4.64×10
-2
 6.35×10
-6
 0.96 1.43 1.22 0.675 0.750 5.48590(2) 5.85 0.014 
Bi2.6Pb0.4YO5.80 3.03×10
-1
 4.94×10
-2
 3.71×10
-6
 0.72 1.49 1.25 0.650 0.750 5.48348(1) 5.80 0.0091 
 
*
 a is the cubic lattice parameter of the unit cell at room temperature. 
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6.1 Superlattice structure in the niobium substituted bismuth oxides 
In the Bi2O3-Nb2O5 system a re-examination of the Type II structure of c-Bi3NbO7 
(an incommensurately modulated fluorite), the Type III phase of t-Bi3NbO7 and the 
Type IV structure of the line-phase Bi5Nb3O15 was carried out.  
The results for Bi3NbO7 were consistent with those of Valant et al. [3] and 
confirmed the previously observed unusual polymorphism, with a phase transition from 
the incommensurate fluorite cubic Type II phase to a tetragonally ordered phase (Type 
III) at ca. 800C and the reappearance of the Type II phase above 900C.  
Analysis of the crystallographic cubic subcell of the Type II phase revealed oxide 
ions were distributed over two sites in the Fm-3m space group; 32f and 48i. Oxide ions 
positioned on the 48i sites are believed to be involved exclusively with coordination to 
the substituting cations (in this case Nb
5+
) [1, 2, 4]. The occupancy of the 48i position is 
seen to increase with increasing temperature within the range 0.015 to 0.022, with the 
resulting Nb:O ratio varying between 1:0.72 and 1:1.06. The most likely coordination 
for Nb is found to be distorted octahedra, including two oxide ions on 48i sites located at 
the apical positions and four oxide ions on 32f sites at equatorial positions. A corner 
sharing chain clustering of octahedra was proposed by Abrahams et al [4] for the 
analogous system Bi3TaO7 (Fig. 6.2). It is likely that this chain motif is also adopted in 
the case of c-Bi3NbO7. If it is assumed that the number of Nb
5+
 cations in each unit cell is 
that indicated by the average structure, i.e. 1, then these chains of NbO6 octahedra would 
necessarily be aligned along the <110> direction, which is consistent with Ling’s study 
for Type II Bi2O3-Nb2O5/Ta2O5 [ 5 ]. However, it should be noted that the 
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crystallographic data cannot distinguish between a random distribution of Nb
5+
 cations 
averaging at one per unit cell and a random distribution of ordered microdomains, where 
the niobium concentration per unit cell may be greater than unity. The chain clustering is 
also believed to be responsible for the appearance of incommensurate ordering in the 
Type II phase. 
 
 
Fig. 6.2 Proposed chains of corner sharing tantalate octahedral in Bi3TaO7 [4]. 
 
 
Analysis of the structure of the Type III phase confirmed the commensurate 
supercell model and the slight difference in stoichiometry, as previously reported by 
Ling et al. [6]. However, it is noted that the Bi3NbO7 stoichiometry can be obtained 
through site sharing between cations and partial occupancy of some anion sites. The 
complexity of the model and the quality of the data preclude analysis of this possibility 
using standard refinement methods.  
The line phase Bi5Nb3O15 exhibits the Type IV structure, which can be described 
as n = 1, 2 Aurivillius intergrowth phase. This structure appears to be distantly related to 
the fluorite structure. Stepped defects in the layered structure of this phase lead to 
difficulties in modelling the structure using conventional Rietveld analysis.  
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6.2 Short-range ordering in δ-Bi3YO6 
The -Bi3YO6 phase was known to be crystallographically disordered over the 
oxide ion sublattice  [7, 8, 9]. The present work investigated the short-range structure 
by incorporating both Bragg diffraction and diffuse scattering information in the form of 
total neutron scattering data. The analysis yielded details of the local coordination 
environments around the cations, with coordination numbers found to be approximately 
4 and 5 for Bi and Y respectively at 25C. These results are consistent with 
strereochemical activity of the Bi 6s
2
 lone pair of electrons. However, the lower than 
expected coordination number for Y may reflect the relatively small neutron scattering 
contrast between these nuclei.  
The main advantage of this form of analysis over conventional Rietveld 
refinement appears to be the information on short range ordering of vacancies. Analysis 
of the angular distribution functions for Bi3YO6 shows for the first time physical 
evidence for <110> vacancy ordering in a bismuth oxide based fluorite. The results are 
supported by parallel studies being carried out as part of the PhD research project of 
Stephen Stokes in the research group of Prof. M.S. Islam at the University of Bath. 
Using energy minimisation methods based on a 2 × 2 × 2 supercell (in space group P1) 
the relative energies of individual vacancy ordering arrangements have been calculated. 
It was found that the <110> and <100> arrangements are the most stable with 
approximately equal energies, and that for the <111> arrangement is the least stable 
[10].  
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As discussed in chapters 3 and 4, the presence of an O
2-
 ion on the 48i site may be 
considered as a Frenkel defect, resulting in an additional vacancy on the fluorite anion 
site (considered as a combination of the 8c and 32f sites (Fig. 3.55)). This means that in 
Bi3YO6 the number of fluorite anion vacancies is greater than that in -Bi2O3 itself. 
Therefore, when considering the vacancy ordering these additional vacancies have to be 
taken into account. The vacancy ordering in the substituted systems is therefore a 
combination of two or more vacancy ordering arrangements. Evidence from the O-M-O 
angular distribution functions in -Bi3YO6 at both room temperature and 800C are 
closest to that of the combination of <110><110>, which differs from the favoured 
combination <111><110> in the case of pure δ-Bi2O3 reported by Aidhy et al. [11]. 
Changes in the oxide ion distribution, which are a result of an increase in Frenkel 
defects, appear to be correlated to non-linear behaviour in the thermal expansion of the 
cubic lattice parameter as well as in Arrhenius plots of conductivity.  
 
 
6.3 Local defects in the Nb
5+
/Y
3+
 double substituted Bi2O3 (Bi3Nb0.5Y0.5O6.5) at 
room temperature 
Bi3Nb0.5Y0.5O6.5 is the middle composition of the earlier reported series 
Bi3Nb1-xYxO7-x. In the present work, the neutron diffraction data exhibit a cubic subcell 
with superlattice ordering, as well as significant short-range disorder in the oxide ion 
sublattice (apparent as diffuse scattering). This composition can therefore be regarded as 
truly intermediate between the fully disordered (on the crystallographic scale) -Bi3YO6 
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and incommensurately ordered c-Bi3NbO7, exhibiting features from both parent 
compositions. The conductivity of this electrolyte lies between those of c-Bi3NbO7 and 
-Bi3YO6 as expected. Detailed structural analysis of Bi3Nb0.5Y0.5O6.5 reveals bismuth 
coordination numbers of around 4 consistent with the known stereochemistry of bismuth 
oxides. As in -Bi3YO6, evidence from the O-M-O angular distribution function is 
consistent with a <110> ordering of vacancies and includes additional vacancies on the 
fluorite oxide ion site that occur through formation of Frenkel defects with interstitials 
preferentially coordinated to the substituting ions Nb
5+
 and or Y
3+
. An increase in the 
concentration of Frenkel defects occurs with increasing temperature and may be 
correlated with observed changes in the thermal expansion of the cubic lattice parameter 
as well as the Arrhenius plot of total conductivity.  
 
 
6.4 Stabilising the δ-Bi2O3 phase by double substituting Bi
3+
 by Pb
2+
 and Y
3+
 
The present studies prove that double substitution of Pb
2+
 and Y
3+
 into Bi2O3 
leads to -phase stabilisation. Structure refinement shows a higher vacancy 
concentration on the fluorite anion site (8c + 32f) than in pure -Bi2O3. There is no 
evidence for superlattice ordering in the neutron diffraction data, with only background 
features indicative of local defect ordering evident. On comparison with the 
Bi2O3-Nb2O5-Y2O3 system, replacing Nb
5+
 by Pb
2+
 leads to an increase in conductivity 
as expected, with values similar to Bi3YO6. The thermal variation of conductivity and 
cubic lattice parameter in the Pb/Y substituted bismuth oxides differ slightly from 
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those seen in the Nb/Y substituted systems. Three temperature regions are clearly 
evident in Arrhenius plots of the conductivities in this ternary oxide system, which is 
reflected in the oxide ion distributions as well as the variation in cubic lattice 
parameter. As discussed above, it is believed that the Pb
2+
/Y
3+
 substituted system 
exhibits the same general thermal behaviour as the Nb
5+
/Y
3+
 system, but that the 
observed division into three separate temperature regions is better defined in the case 
of the former.  
 
 
6.5 Polymorphism in the Bi2O3-PbO binary oxide system 
Formation of a number of phases has been observed when bismuth is substituted 
by Pb in bismuth oxides. At a composition of Bi3PbO5.5 at least three new phases are 
observed, one (or more) at low temperature and two at 650C. Only the high 
temperature phases were characterised as a body centred cubic structure, related to 
Bi1.45Cd0.54O3 and a sillenite type phase. The structure of the low temperature phase 
remains unknown. At higher Bi compositions (e.g. Bi4PbO7), the secondary sillenite 
phase becomes more evident. 
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6.6 Future work 
The present work has yielded some significant results particularly on the 
short-range vacancy ordering within fluorite based bismuth oxide electrolytes. It is clear 
that only through detailed structural analysis of both the long-range and short-range 
ordering in these systems can the structure-property relationships be fully understood. 
For the incommensurately modulated systems studied such as c-Bi3NbO7, further work 
is required to fully characterise the long range ordering, although it has been shown that 
even in these systems some degree of short range ordering is evident.  
While the long-range order is well characterised in the crystallographically 
disordered cubic fluorites, there has been much argument in the literature concerning the 
nature of the short-range ordering. In this the present work further insight into the short 
range-ordering in these systems is reported. However, further work using higher 
scattering contrast systems is already underway and should yield improved models. 
There are two ways to achieve this: firstly to select systems with greater neutron 
scattering contrast such as the Bi
3+
/Yb
3+
 system; secondly through inclusion of X-ray 
scattering data of sufficient Q-range (e.g. using. Ag-K radiation).  
The Pb
2+
/Y
3+
 double substituted system shows high conductivity comparable to 
the best stabilised bismuth oxide fluorites. Detailed investigations on the stability of 
these systems are required, particularly for potential device applications as well as 
further structural and electrical investigation to clarify trends. 
The total scattering approach for analysis of local structure has proved to be a 
powerful addition to the array of tools available to the structural scientist. Further 
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developments of this code are planned including the incorporation of inter-atomic 
potentials. This should yield even more realistic approximations to the local structure 
and enhance our understanding of the structure-proper relationships in these systems.  
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3.14 Some indexed superlattice peaks in the neutron diffraction pattern for c-
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Bi3NbO7 at room temperature. 
3.15 Polaris (a) low-angle and (b) backscattering neutron diffraction data for c-
Bi3NbO7 at elevated temperatures. 
3.16 Thermal variation of lattice parameter of c-Bi3NbO7. Error bars correspond to 
 2 (where  is the estimated standard deviation).  
3.17 Thermal variation of isotropic thermal parameters in c-Bi3NbO7. Error bars 
correspond to  2. 
3.18 Thermal variation of oxide ion distribution on O(2) (32f, circles) and O(3) 
(48i, triangles) sites in c-Bi3NbO7. Values are presented as percentage of total 
oxide ion content. Error bars correspond to  2. 
3.19 Fitted neutron diffraction profiles for t-Bi3NbO7 (HRPD data. Observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
3.20 Structure of t-Bi3NbO7 viewed to the [010] direction. The unit cell 
(Bi94Nb32O222) is outlined. Bi-O bonds have been omitted for clarity. 
3.21 Nb4O18 pyrochlore cluster composed of four edge sharing niobate octahedral 
in the structure of t-Bi3NbO7. 
3.22 Neutron diffraction patterns for t-Bi3NbO7 at elevated temperatures. 
3.23 Fitted neutron profiles for t-Bi3NbO7 at 500C with upper (backscattering) and 
lower (low angle) data shown. Observed (+), calculated (line) and difference 
profiles (lower) and reflection positions (). 
3.24 Thermal variation of lattice parameters in t-Bi3NbO7. Error bars correspond to 
 2. 
3.25 Fitted neutron diffraction profiles for Bi3NbO7 at 950C, using (a) tetragonal  
and (b) cubic subcell models (backscattering data). Observed (+), calculated 
(line) and difference profiles (lower) and reflection positions (), where (*) 
indicates peaks not attributable to either model. Error bars correspond to  2. 
3.26 High temperature variation of isotropic thermal parameter in c-Bi3NbO7. Error 
bars correspond to  2. 
3.27 Fitted neutron profiles for Bi5Nb3O15 at room temperature. Fits to 
backscattering (upper) and low angle (lower) data are shown. Observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
3.28 Structure of Bi5Nb3O15 with the unit cell outlined. Bi-O bond have been 
omitted for clarity. Aurivillius layers (n = 1, 2) are illustrated. 
3.29 DTA thermogram for Bi5Nb3O15. 
3.30 Arrhenius plots of total conductivity for Bi3YO6. 
3.31 Fitted diffraction profiles for Bi3YO6 at ambient temperature. (a) and (b) are 
neutron diffraction profiles and (c) is the XRD profile. 
3.32 Fitted diffraction profiles for Bi3YO6 at 800C. (a) and (b) are neutron 
diffraction profiles and (c) is the XRD profile. 
3.33 Y coordination in Bi3YO6. 
3.34 DTA thermogram for Bi3YO6. 
3.35 Thermal variation of neutron diffraction patterns (backscattering data from 
Polaris) for Bi3YO6. 
3.36 Thermal variation of cubic lattice parameters in Bi3YO6. Error bars ( 2) are 
smaller than the symbols. 
3.37 Thermal variation of oxide ion distribution on O sites in Bi3YO6. Values are 
presented as percentage of total oxide ion content. Error bars correspond to  
2. 
3.38 Variation of isotropic thermal parameters in Bi3YO6. Error bars correspond to 
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 2. 
3.39 Diffuse scattering in the neutron diffraction pattern for Bi3YO6. 
3.40 Fitted neutron diffraction patterns from RMC modelling for Bi3YO6 at (a) 25 
and (b) 800C. 
3.41 Fitted S(Q) data for Bi3YO6 at (a) and 25C and (b) 800C. 
3.42 Fitted G(r) data for Bi3YO6 at (a) and 25C and (b) 800C. 
3.43 Metal-metal pair correlation functions gij(r) for Bi3YO6 at (a) 25 and (b) 
800C. 
3.44 M-O pair correlation functions gij(r) for Bi3YO6 at (a) 25 and (b) 800C. 
3.45 Fitted pair distribution function gO-O(r) at room temperature using BVS 
constraint. 
3.46 Contact distance distribution in Bi3YO6 at (a) 25C and (b) 800C. 
3.47 (a) Average contact distances for first eight contacts around metal cations and 
(b) first derivative plot, from RMC modelling of Bi3YO6. 
3.48 Bond length distribution as a function of coordination number from in Bi3YO6 
at (a) 25C and (b) 800C. 
3.49 Distribution of coordination numbers for (a)Bi-O and (b)Y-O in Bi3YO6 at 
25C and 800C. 
3.50 Ionic density of Bi3YO6 as a slice through the (110) plane illustrating the Bi
3+
 
(blue), Y
3+
 (green) and O
2-
 (red) densities. 
3.51 M-O-M angular distribution functions for Bi3YO6 at (a) 25C and (b) 800C. 
3.52 O-M-O angular distribution functions for Bi3YO6 at (a) 25C and (b) 800C. 
3.53 Cation coordination in ideal fluorite lattice. 
3.54 Ordering of two vacancies around a metal atom in fluorites. Yellow solid 
circles represent metal cation and red solid circles represent O
2-
. 
3.55 Ordering of three vacancies per metal in fluorites. Yellow solid circles 
represent metal cation and red solid circles represent O
2-
. 
  
  
4.1 Variation of oxide ion site occupancy in Bi3Nb1−xYxO7−x. Solid and open 
symbols represent site occupancies as a fraction of total oxide ion content for 
room temperature (RT) and 800C (HT) respectively. 
4.2 Arrhenius plots of total conductivity for compositions in the Bi3Nb1−xYxO7−x 
system. 
4.3 Variation of oxide ion site occupancy in Bi3.5Nb1−xYxO7.75−x. Values are 
presented as fraction of total oxide ion content. 
4.4 Arrhenius plots of total conductivity for compositions in the  
Bi3.5Nb1-xYxO7.75−2x system. 
4.5 Pseudo-binary systems investigated in the Bi2O3-Nb2O5-Y2O3 system. 
4.6 X-ray Diffraction patterns for samples in the series (Bi2O3)1-x(YNbO4)x. The 
pattern marked in blue indicates the limit of the fcc solid solution. 
4.7 Fitted diffraction profile for (Bi2O3)0.80(YNbO4)0.2 showing observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
4.8 Fitted diffraction profile for Bi2.33Y0.5Nb0.5O5.5 showing observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
4.9 Fitted diffraction profile for YNbO4 (x = 1.00) showing observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
4.10 Fitted diffraction profile for (Bi2O3)0.10(YNbO4)0.90 showing observed (+), 
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calculated (line), difference profiles (lower), reflection positions for the 
YNbO4 () and cubic fluorite phase (). 
4.11 Neutron diffraction patterns (Polaris data) for (Bi2O3)1-x(YNbO4)x system at 
room temperature. 
4.12 Fitted diffraction profiles for Bi3Nb0.5Y0.5O6.5 (x = 0.250) at ca. 25C. Neutron 
diffraction from Polaris:(upper) backscattering bank data, (middle) low angle 
bank data; XRD data (lower). Observed (+), calculated (line) and difference 
profiles (lower) and reflection positions (). 
4.13 Compositional variation of cubic unit cell parameters for the (Bi2O3)1-
x(YNbO4)x system at room temperature. Error bars ( 2, where  is the 
estimated standard deviation) are smaller than the symbols. 
4.14 Compositional variation of oxide ion site occupancy of the (Bi2O3)1-x(YNbO4)x 
system at room temperature. Values presented as fractions of total oxide ion 
content. Error bars correspond to  2. 
4.15 Fitted diffraction profiles for x = 0.167 (Bi5Nb0.5Y0.5O9.5) at ca. 800C. 
Neutron diffraction from Polaris:(upper) backscattering bank data and 
(middle) low angle bank data. Observed (+), calculated (line) and difference 
profiles (lower) and reflection positions (). 
4.16 Thermal variation of cubic lattice parameter for compositions in the  
(Bi2O3)1-x(YNbO4)x (0.167  x  0.250) system. Error bars correspond to  2. 
4.17 Compositional variation of cubic unit cell parameter for the (Bi2O3)1-
x(YNbO4)x system at 800C. Error bars correspond to  2. 
4.18 Thermal variation of oxide ion site occupancy of O1 (8c-black square), O2 
(32f- red circle) and O3 (48i-green triangle) in (Bi2O3)1-x(YNbO4)x 
compositions (a) x = 0.167, (b) x = 0.200 and (c) x = 0.222. Values shown as 
fraction of total oxide ion content. Error bars correspond to  2. 
4.19 Temperature variation of isotropic thermal parameters (Uiso) in the  
(Bi2O3)1-x(YNbO4)x (0.167  x  0.222) of (a) cations and (b) oxide ions in 
studied compositions. Error bars correspond to  2. 
4.20 A. c. impedance spectra for Bi5Nb0.5Y0.5O9.5 at (a) high, (b) intermediate and 
(c) low temperatures. 
4.21 Arrhenius plots of total conductivity for compositions in the  
(Bi2O3)1-x(YNbO4)x system. 
4.22 Compositional variation of total conductivity for compositions in the (Bi2O3)1-
x(YNbO4)x system. 
4.23 Compositional variation of activation energy in the low temperature region 
(ELT) and high temperature region (EHT) in the (Bi2O3)1-x(YNbO4)x system. 
Error bars correspond to  2. 
4.24 Fitted total scattering function for Bi3Nb0.5Y0.5O6.5 at room temperature. 
4.25 4.24 Fitted total radial distribution function G(r).for Bi3Nb0.5Y0.5O6.5 at room 
temperature. 
4.26 The ionic density of Bi3Nb0.5Y0.5O6.5 as a slice through the (110) plane 
illustrating the Bi
3+
 (blue), Nb
5+
 (yellow), Y
3+
 (green) and O
2-
 (red) densities. 
4.27 Fitted pair distribution function gO-O(r) at room temperature for Bi3Nb0.5Y0.5O6.5 
using minimum distance and BVS constraints.  
4.28 Metal-Oxide ion partial distribution function gM-O(r) from RMC model for 
Bi3Nb0.5Y0.5O6.5 at room temperature. 
4.29 Metal-metal pair correlation functions gij(r) from RMC model for 
Bi3Nb0.5Y0.5O6.5 at room temperature. 
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4.30 Contact distance distribution in RMC model for Bi3Nb0.5Y0.5O6.5 at room 
temperature. 
4.31 (a) Average contact distances for first eight contacts around metal cations and 
(b) first derivative plot, from RMC modelling of Bi3Nb0.5Y0.5O6.5. 
4.32 Distribution of coordination numbers for Bi-O Nb-O and Y-O bonding at 
room temperature from RMC modelling for Bi3Nb0.5Y0.5O6.5. 
4.33 Angular distribution functions of M-O in Bi3Nb0.5Y0.5O6.5 from RMC 
calculation. 
4.34 Individual angular distribution functions in Bi3Nb0.5Y0.5O6.5 from RMC 
calculation. 
4.35 X-ray diffraction patterns for samples in the series Bi2.33Nb1-xYxO6-x. 
4.36 Variation of cubic cell dimension, a, with composition in the  
Bi2.33Nb1-xYxO6-x system. 
4.37 Neutron diffraction patterns (low angle bank, Polaris) for compositions in the 
Bi2.33Nb1-xYxO6-x system at room temperature. (+) indicates the additional 
peaks. 
4.38 Detail of the diffraction pattern of Bi2.33NbO6. The unfitted peak beside the 
main peak at around 28.5 2 is indicative of the presence of Bi5Nb3O15. 
4.39 Fitted HRPD room temperature data of Bi2.33Nb0.5Y0.5O5.5 using a multi-phase 
model. 
4.40 Neutron diffraction patterns (low angle bank data at Polaris) for compositions 
in the Bi2.33Nb1-xYxO6-x system at room temperature. 
4.41 Fitted profiles for x = 1.0 (Bi2.33YO5). Room temperature Polaris neutron 
diffraction data: (a) backscattering bank and (b) low angle bank and (c) XRD 
(continued on the following page). Observed (+), calculated (line) and 
difference profiles (lower) and reflections (). 
4.42 Fitted profiles for x = 1.0 (Bi2.33YO5). Polaris neutron diffraction data at 
800C: (a) backscattering bank and (b) low angle bank. Observed (+), 
calculated (line) and difference profiles (lower) and reflections (). 
4.43 Thermal variation of cubic lattice parameter for composition of x = 1.0 (Bi2.33YO5). . 
Error bars correspond to  2. 
4.44 Thermal variation of thermal parameters for cations and anions for 
composition of x = 1.0 (Bi2.33YO5). Values are presented as fraction of total 
oxide ion content. Error bars correspond to  2. 
4.45 Thermal variation of oxide ion site occupancy in composition of x = 1.0 
(Bi2.33YO5). Values are presented as fraction of total oxide ion content. Error 
bars correspond to  2. 
  
5.1 Phase diagram of Bi2O3-PbO. 
5.2 Compositions studied by Omari et al, in the Bi2O3-PbO-Y2O3 system with the 
general formula Bi(1-n)(1-x)Pb(1-n)xYnO1.5-(1-n)x/2 (a) partial decomposition region 
and (b) non-decomposition region. 
5.3 Compositional dependence of the cubic lattice parameter, a, for the  
Bi3-3xPb3xYO6-1.5x series at room temperature reported by Omari et al. 
5.4 Arrhenius plots for Bi(1-n)(1-x)Pb(1-n)xYnO1.5-(1-n)x/2 with (a) n = 0.25 and (b) n = 
0.20 by Omari et al. 
5.5 X-ray diffraction pattern for the x = 0.7 composition in the Bi3-xPbxYO6-0.5x 
system. Red circles indicate shoulders seen repeatedly on the side of peaks and 
(+) show some of the additional peaks observed. 
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5.6 Neutron Diffraction profiles for Bi3-xPbxYO6-0.5x compositions at room 
temperature: (a) backscattering data from Polaris (ISIS) and (b) D2B (ILL) 
data with  = 1.23Å. 
5.7 Fitted Polaris neutron diffraction profiles for x = 0.25 at room temperature: (a) 
backscattering data and (b) low angle data with observed (+), calculated (line) 
and difference profiles (lower) and reflection positions (). 
5.8 Fitted powder diffraction profiles for x = 0.30 at room temperature: (a) 
neutron diffraction data from D2b at ILL and (b) XRD data with observed (+), 
calculated (line) and difference profiles (lower) and reflection positions (). 
5.9 Compositional variation of cubic unit cell parameter for the  
Bi3-xPbxYO6-0.5x series at room temperature. Error bars correspond to  2 
(where  is the estimated standard deviation). 
5.10 Compositional variation of oxide ion site occupancy as a fraction of total 
oxide ion content in the Bi3-xPbxYO6-0.5x series at ca. 25C. Values shown are 
fraction of total oxide ion content. Error bars correspond to  2. 
5.11 Predicted octahedral coordination geometry for Y and or Pb in  
Bi3-xPbxYO6-0.5x. 
5.12 Thermal variation of cubic lattice parameter for compositions in the  
Bi3-xPbxYO6-0.5x system. Error bars correspond to  2. 
5.13 Thermal variation of oxide ion site occupancy of O(1) (8c), O(2) (32f) and 
O(3) (48i) in the Bi3-xPbxYO6-0.5x system with (a) x = 0.10, (b) x = 0.20, (c) x = 
0.25, (d) x = 0.30 and (e) x = 0.40. Values shown as fraction of total oxide ion 
content. Error bars correspond to  2. 
5.14 Temperature variation of isotropic thermal parameters (Uiso) in the  
Bi3-xPbxYO6-0.5x system of (a) cations and (b) oxide ions. Error bars 
correspond to  2. 
5.15 Arrhenius plots of total conductivity for compositions in the  
Bi3-xPbxYO6-0.5x system.  
5.16 Compositional variation of Total conductivity for compositions in the  
Bi3-xPbxYO6-0.5x system. 
5.17 Composition variation of activation energies in high and low temperature 
regions for compositions in the Bi3-xPbxYO6-0.5x system. 
5.18 Room temperature XRD patterns for samples in the series  
Bi4-xPbxYO7.5-0.5x (x = 0.25, 0.50, 0.60 and 0.75). Inset is detail of the XRD 
pattern for the x = 0.75 composition with shoulders (○) and additional peaks 
indicated (+). 
5.19 Neutron powder diffraction patterns (backscattering data collected on Polaris) 
for samples in the series Bi4-xPbxYO7.5-0.5x (x = 0.25, 0.5 and 0.6) at room 
temperature. 
5.20 Fitted diffraction profile for Bi3.75Pb0.25YO7.375 showing observed (+), 
calculated (line) and difference profiles (lower) with reflection positions () 
indicated ((a) back scattering data and (b) low angle data). 
5.21 Compositional variation of cubic unit cell parameter for the  
Bi4-xPbxYO7.5-0.5x series at room temperature. Error bars correspond to  2. 
5.22 Compositional variation of oxide ion site occupancy as a fraction of total 
oxide ion content in the Bi4-xPbxYO7.5-0.5x series at room temperature. Error 
bars correspond to  2. 
5.23 Thermal variation of cubic lattice parameter, a, in Bi4-xPbxYO7. 5-0.5x. Error 
bars correspond to  2. 
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5.24 Thermal variation of oxide ion site occupancy of O(1) (8c), O(2) (32f) and 
O(3) (48i) in the Bi4-xPbxYO7.5-0.5x system with x = (a) 0.5 and (b) 0.6. Error 
bars correspond to  2. 
5.25 Thermal variation of isotropic thermal parameters (Uiso) in the  
Bi4-xPbxYO7.5-0.5x system of (a) cations and (b) oxide ions. Error bars 
correspond to  2. 
5.26 Arrhenius plot of total conductivity for Bi3.75Pb0.25YO7.375. 
5.27 XRD patterns for samples in the series Bi5-xPbxYO9-0.5x (x = 0.25, 0.5 and 
0.75) at room temperature. Inset is detail of the XRD pattern for the x =0.75 
composition with shoulders (○) and additional peaks (+) indicated. 
5.28 Fitted diffraction profile for Bi4.75Pb0.25YO9.875 showing observed (+), 
calculated (line), difference profiles (lower) and reflection positions () with 
(a) back scattering data and (b) low angle scattering data. 
5.29 Compositional variation of oxide ion site occupancy as a fraction of total 
oxide ion content in the Bi5-xPbxYO9-0.5x series at room temperature. Error bars 
correspond to  2. 
5.30 Thermal variation of cubic lattice parameter, a, in Bi4.5Pb0.5YO8.75. Error bars 
correspond to  2. 
5.31 Thermal variation of oxide ion site occupancies in Bi4.5Pb0.5YO8.75. Values 
shown as fractions of total oxide ion content. Error bars correspond to  2. 
5.32 Thermal variation of isotropic thermal parameters (Uiso) of cations and oxide 
ions in Bi4.5Pb0.5YO8.75. Error bars correspond to  2. 
5.33 Arrhenius plot of total conductivity for Bi4.75Pb0.25YO8.875. 
5.34 DTA thermogram for composition Bi3PbO5.5. 
5.35 Powder diffraction patterns for sample Bi3PbO5.5 between room temperature 
and 650C. (a) back scattering neutron diffraction data, (b) low angle neutron 
scattering diffraction data and (c) XRD. 
5.36 Neutron powder diffraction patterns for sample Bi4PbO7 between room 
temperature and 650C. (a) back scattering diffraction data and (b) low angle 
scattering diffraction data. 
5.37 LeBail fit to (a) X-ray and (b) neutron (back scattering) diffraction data for 
Bi3PbO5.5, using a monoclinic model in space group P2/m. Observed (+), 
calculated (line) and difference profiles (lower) with reflection positions () 
indicated. 
5.38 Fitted diffraction profiles for biphasic sample of Bi3PbO5.5 at 650C, showing 
(a) neutron back scattering, (b) neutron low angle and (c) X-ray diffraction 
data. Observed (+), calculated (line) and difference profiles (lower) with 
reflection positions () indicated. 
5.39 Fitted diffraction profiles for biphasic sample of Bi4PbO7 at 650C, showing 
(a) neutron back scattering and (b) neutron low angle data. Observed (+), 
calculated (line) and difference profiles (lower) with reflection positions () 
indicated. 
  
  
6.1 Arrhenius plots of total conductivity for selected compositions studied in the 
present work compared to Bi3YO6 and Bi3NbO7. 
6.2 Proposed chains of corner sharing tantalate octahedral in Bi3TaO7. 
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1.1 Typical values of electrical conductivity. 
  
2.1 Some physical properties of thermal neutrons. 
2.2 Comparative properties of X-rays and neutrons for diffraction studies. 
2.3 Three common pulsed neutron production methods. 
2.4 Compositions studied in this thesis. 
2.5 Chemicals used for the synthesis. 
  
3.1 Conductivities of selected oxide ion conductors.  
3.2 Low temperature stabilisation ranges for the fcc phase in the (Bi2O3)1-
x(Nb2O5)x and (Bi2O3)1-x(Y2O3)x systems. 
3.3 Four structure types proposed by Zhou et al. at the Bi2O3 rich end of the 
Bi2O3-Nb2O5 system. 
3.4 Synthesis conditions for samples made in Bi2O3-Nb2O5 Bi2O3-Y2O3 systems. 
3.5 Collection Parameters for Powder XRD experiments. 
3.6 Data Collection Parameters for Neutron diffraction experiments. 
3.7 Crystal refinement and atomic parameters with selected contact distances (Å) 
for c-Bi3NbO7. Estimated standard deviations are given in parentheses. 
3.8 Refined anion parameters of c-Bi3NbO7 at elevated temperatures. 
3.9 Crystal and refinement parameters for t-Bi3NbO7 at room temperature. 
3.10 Refined atomic parameters for t-Bi3NbO7 at room temperature. 
3.11 Significant contact distances (Å) in t-Bi3NbO7 at ca.25C. 
3.12 Crystal and refinement parameters for t-Bi3NbO7 at 950C. 
3.13 Refined lattice and oxide ion parameters of t-Bi3NbO7 at temperatures above 
900C using the cubic subcell model (c-Bi3NbO7). 
3.14 Crystal and refinement parameters for Type IV-Bi5Nb3O15. 
3.15 Atomic parameters for Type IV-Bi5Nb3O15. 
3.16 Significant contact distances (Å) in Bi5Nb3O15. 
3.17 Crystal and refinement parameters for Bi3YO6 at 25C and 800C. 
3.18 Refined structural parameters for for Bi3YO6 at 25C and 800C. 
3.19 Significant contact distances (Å) in Bi3YO6. 
3.20 O-M-O Angle ratios in Bi3YO6. 
  
4.1 Synthesis conditions for synthesised samples in the Bi2O3-Nb2O5-Y2O3 
system. 
4.2 Data collection parameters for powder XRD experiments. 
4.3 Data collection parameters for neutron diffraction experiments. 
4.4 Details of a.c. impedance experiments. 
4.5 Final refinement and structural parameters for YNbO4. Estimated standard 
deviations are given in parentheses. 
4.6 Refined structural parameters for (Bi2O3)1-x(YNbO4)x (0.167  x  0.300) at 
room temperature using the cubic model in space group Fm-3m. 
4.7 Refined structural parameters for (Bi2O3)1-x(YNbO4)x (0.167  x  0.300) at 
800C using the cubic model in space group Fm-3m. 
4.8 Derived electrical parameters for selected compositions in the  
(Bi2O3)1-x(YNbO4)x system. Estimated standard deviations for activation 
energies are given in parentheses. 
4.9 Angle ratios for O-M-O in RMC model for Bi3Nb0.5Y0.5O6.5. 
4.10 Refinement and structural parameter for Bi2.33Nb0.5Y0.5O5.5 at room 
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temperature. 
4.11 Refined structural and crystal parameters for x = 1.0 (Bi2.33YO5) at room 
temperature and 800C using the cubic model in space group Fm-3m. 
  
5.1 Synthesis conditions for samples in the Bi2O3-PbO-Y2O3 system. 
5.2 Powder XRD experimental details. 
5.3 Neutron powder diffraction experimental details. 
5.4 Details of a.c. impedance experiments. 
5.5 Refined structural parameters for Bi3-xPbxYO6-0.5x at room at room temperature 
using the cubic model in space group Fm-3m. 
5.6 Significant contact distances (Å) in Bi3-xPbxYO6-0.5x at ca. 25 C. 
5.7 Derived electrical parameters for selected compositions in the  
Bi3-xPbxYO6-0.5x system. Estimated standard deviations for activation energies 
are given in parentheses. 
5.8 Refined structural parameters for Bi4-xPbxYO7.5-0.5x at room temperature using 
the cubic model in space group Fm-3m. 
5.9 Derived electrical parameters for Bi3.75Pb0.25YO7.375. Estimated standard 
deviations for activation energies are given in parentheses. 
5.10 Refined structural parameters for Bi5-xPbxYO9-0.5x at room temperature using 
the cubic model in space group Fm-3m. 
5.11 Derived electrical parameters for Bi4.75Pb0.25YO8.75. Estimated standard 
deviations for activation energies are given in parentheses. 
5.12 Structure and refinement parameters for a biphasic sample of composition 
Bi3PbO5.5 at 650C. (a) R-factors, (b) Phase 1 Structural Parameters and (c) 
Phase 2 Structural Parameters. 
5.13 Structure and refinement parameters for a biphasic sample of composition 
Bi4PbO7 at 650C. (a) R-factors, (b) Phase 1 Structural Parameters and (c) 
Phase 2 Structural Parameters. 
  
6.1 Summary of total conductivities, activation energies and selected structural 
parameters for the ten samples measured whose electrical behaviour was 
studied in this project. 
  
A1 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi3YO6 (used to calculate values in Fig. 3.37). 
A2 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in (Bi2O3)1-x(YNbO4)x (used to calculate values in Fig. 4.18). 
A3 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi2.33YO5 (used to calculate values in Fig. 4.45). 
A4 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi3-xPbxYO6-0.5x (used to calculate values in Fig. 5.13). 
A5 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi4-xPbxYO7. 5-0.5x (used to calculate values in Fig. 5.24). 
A6 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi4.5Pb0.5YO8.75 (used to calculate values in Fig. 5.31). 
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Appendix  
Thermal variation of refined oxide ion site occupancies 
σ = estimated standard deviation. 
 
Table A1 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi3YO6 (used to calculate values in Fig. 3.37) 
 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.395 0.006 0.073 0.001 0.012 0.001 
100 0.402 0.012 0.070 0.003 0.012 0.001 
150 0.379 0.011 0.074 0.003 0.012 0.001 
200 0.424 0.011 0.064 0.003 0.012 0.001 
250 0.396 0.011 0.072 0.003 0.011 0.001 
300 0.380 0.012 0.073 0.003 0.013 0.001 
350 0.383 0.013 0.071 0.003 0.014 0.001 
400 0.383 0.013 0.073 0.003 0.013 0.001 
450 0.436 0.009 0.061 0.002 0.011 0.001 
500 0.405 0.011 0.068 0.003 0.012 0.001 
550 0.426 0.010 0.063 0.003 0.012 0.001 
600 0.376 0.015 0.072 0.003 0.014 0.001 
650 0.398 0.012 0.068 0.003 0.013 0.001 
700 0.408 0.014 0.066 0.003 0.013 0.001 
750 0.383 0.016 0.069 0.004 0.015 0.001 
800 0.345 0.022 0.075 0.005 0.020 0.001 
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Table A2 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in (Bi2O3)1-x(YNbO4)x (used to calculate values in Fig. 4.18) 
(a) x = 0.167 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.021 0.009 0.168 0.002 0.017 0.002 
250 0.034 0.004 0.159 0.006 0.020 0.001 
300 0.032 0.006 0.16 0.006 0.020 0.001 
350 0.067 0.004 0.151 0.006 0.020 0.001 
400 0.037 0.009 0.158 0.005 0.021 0.0005 
450 0.091 0.006 0.144 0.007 0.021 0.001 
500 0.003 0.015 0.163 0.009 0.023 0.001 
550 0.096 0.018 0.141 0.007 0.022 0.001 
600 0.062 0.022 0.149 0.007 0.022 0.001 
650 0.101 0.022 0.139 0.007 0.022 0.001 
700 0.092 0.023 0.139 0.008 0.024 0.001 
750 0.156 0.019 0.124 0.007 0.024 0.001 
800 0.096 0.015 0.136 0.006 0.025 0.001 
 
(b) x = 0.200 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.089 0.008 0.153 0.002 0.0164 0.0005 
300 0.037 0.006 0.158 0.003 0.022 0.001 
350 0.062 0.006 0.154 0.002 0.0200 0.0005 
400 0.162 0.006 0.129 0.002 0.0200 0.0005 
450 0.149 0.019 0.132 0.005 0.0212 0.0005 
500 0.158 0.020 0.129 0.005 0.0212 0.0005 
550 0.208 0.005 0.117 0.002 0.0201 0.0005 
600 0.209 0.020 0.116 0.005 0.021 0.001 
650 0.205 0.006 0.115 0.002 0.022 0.001 
700 0.215 0.006 0.113 0.002 0.0223 0.0005 
750 0.204 0.005 0.117 0.003 0.02211 0.00005 
800 0.235 0.004 0.109 0.001 0.02220 0.0005 
 
(c) x = 0.222 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.125 0.002 0.138 0.002 0.0181 0.0002 
300 0.165 0.019 0.129 0.005 0.0173 0.0005 
350 0.162 0.021 0.128 0.005 0.0181 0.0005 
400 0.144 0.020 0.134 0.005 0.0179 0.0010 
450 0.102 0.024 0.142 0.006 0.0191 0.0005 
500 0.147 0.020 0.132 0.005 0.0181 0.0005 
550 0.132 0.023 0.135 0.006 0.0188 0.0010 
600 0.186 0.019 0.120 0.005 0.0194 0.0006 
650 0.152 0.024 0.129 0.006 0.0196 0.0010 
700 0.150 0.022 0.128 0.005 0.0204 0.0012 
750 0.169 0.021 0.122 0.005 0.0214 0.0012 
800 0.144 0.018 0.128 0.004 0.0215 0.0005 
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Table A3 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi2.33YO5 (used to calculate values in Fig. 4.45). 
 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.437 0.008 0.059 0.002 0.012 0.002 
300 0.428 0.013 0.065 0.003 0.010 0.001 
350 0.397 0.015 0.069 0.004 0.013 0.001 
400 0.410 0.014 0.067 0.003 0.012 0.001 
450 0.390 0.014 0.072 0.004 0.012 0.001 
500 0.394 0.018 0.069 0.005 0.014 0.001 
550 0.415 0.017 0.066 0.004 0.012 0.001 
600 0.397 0.015 0.069 0.004 0.013 0.001 
650 0.393 0.017 0.070 0.004 0.013 0.001 
700 0.389 0.017 0.070 0.004 0.014 0.001 
750 0.393 0.016 0.069 0.004 0.014 0.001 
800 0.391 0.009 0.069 0.002 0.014 0.001 
 
 
Table A4 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi3-xPbxYO6-0.5x (used to calculate values in Fig. 5.13).  
 
(a) x = 0.10 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.398 0.038 0.060 0.009 0.018 0.001 
300 0.446 0.033 0.065 0.008 0.006 0.002 
350 0.340 0.061 0.084 0.015 0.011 0.002 
400 0.426 0.041 0.065 0.010 0.010 0.002 
450 0.312 0.057 0.090 0.014 0.012 0.002 
500 0.397 0.060 0.063 0.015 0.016 0.002 
550 0.444 0.036 0.056 0.008 0.013 0.002 
600 0.346 0.052 0.079 0.013 0.014 0.002 
650 0.24 0.11 0.101 0.027 0.017 0.002 
700 0.435 0.045 0.061 0.011 0.011 0.002 
750 0.533 0.023 0.040 0.005 0.008 0.002 
800 0.294 0.043 0.084 0.011 0.019 0.001 
 
(b) x = 0.20 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.347 0.031 0.072 0.008 0.017 0.001 
350 0.381 0.019 0.070 0.005 0.013 0.001 
400 0.321 0.064 0.087 0.016 0.012 0.002 
450 0.431 0.043 0.061 0.011 0.011 0.002 
500 0.371 0.042 0.069 0.012 0.015 0.002 
550 0.215 0.017 0.099 0.040 0.021 0.001 
600 0.462 0.031 0.045 0.015 0.016 0.002 
650 0.503 0.032 0.038 0.016 0.014 0.001 
700 0.376 0.042 0.068 0.010 0.018 0.001 
750 0.402 0.039 0.052 0.017 0.022 0.002 
800 0.247 0.069 0.100 0.017 0.015 0.002 
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(c) x = 0.25 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.398 0.008 0.070 0.002 0.0096 0.0005 
300 0.381 0.013 0.073 0.003 0.010 0.001 
350 0.386 0.014 0.072 0.004 0.010 0.001 
400 0.372 0.014 0.073 0.003 0.012 0.001 
450 0.346 0.015 0.080 0.004 0.012 0.001 
500 0.363 0.016 0.075 0.004 0.012 0.001 
550 0.337 0.018 0.078 0.005 0.014 0.001 
600 0.344 0.018 0.078 0.005 0.013 0.001 
650 0.337 0.019 0.077 0.005 0.015 0.001 
700 0.358 0.018 0.073 0.005 0.014 0.001 
750 0.353 0.019 0.073 0.004 0.015 0.001 
800 0.276 0.016 0.089 0.004 0.0174 0.0005 
 
(d) x = 0.30 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.363 0.028 0.069 0.007 0.016 0.001 
300 0.396 0.028 0.065 0.008 0.013 0.002 
350 0.395 0.027 0.067 0.007 0.012 0.001 
400 0.349 0.029 0.071 0.008 0.016 0.002 
450 0.352 0.031 0.073 0.008 0.015 0.001 
500 0.341 0.032 0.074 0.006 0.016 0.001 
550 0.332 0.031 0.077 0.007 0.015 0.001 
600 0.398 0.032 0.059 0.007 0.017 0.002 
650 0.396 0.033 0.063 0.009 0.014 0.001 
700 0.432 0.040 0.052 0.016 0.015 0.002 
750 0.346 0.033 0.069 0.009 0.019 0.001 
800 0.299 0.035 0.080 0.007 0.019 0.002 
 
(e) x = 0.40 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.380 0.007 0.073 0.002 0.0092 0.0005 
300 0.402 0.012 0.067 0.003 0.0092 0.0005 
350 0.381 0.012 0.071 0.003 0.0103 0.0005 
400 0.358 0.012 0.076 0.003 0.0104 0.0005 
450 0.369 0.012 0.072 0.003 0.0111 0.0005 
500 0.349 0.015 0.077 0.004 0.011 0.0010 
550 0.366 0.012 0.073 0.003 0.011 0.0010 
600 0.393 0.012 0.065 0.003 0.011 0.0010 
650 0.351 0.016 0.073 0.004 0.014 0.0010 
700 0.337 0.016 0.075 0.004 0.015 0.0010 
750 0.304 0.019 0.083 0.005 0.015 0.0010 
800 0.301 0.011 0.083 0.003 0.0155 0.0005 
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Table A5 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi4-xPbxYO7. 5-0.5x (used to calculate values in Fig. 5.24). 
 
(a) x = 0.5 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.357 0.006 0.076 0.002 0.0108 0.0005 
300 0.329 0.012 0.080 0.003 0.0129 0.0005 
350 0.325 0.013 0.080 0.003 0.0135 0.0005 
400 0.353 0.011 0.075 0.003 0.0122 0.0010 
450 0.315 0.013 0.081 0.003 0.0141 0.0005 
500 0.341 0.014 0.075 0.003 0.0142 0.0010 
550 0.387 0.011 0.066 0.003 0.0123 0.0010 
600 0.355 0.015 0.071 0.003 0.0146 0.0010 
650 0.345 0.016 0.071 0.004 0.0159 0.0010 
700 0.369 0.014 0.066 0.003 0.0151 0.0010 
750 0.334 0.018 0.072 0.005 0.0171 0.0010 
800 0.332 0.010 0.074 0.002 0.0166 0.0005 
 
(b) x = 0.6 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.351 0.005 0.075 0.001 0.0116 0.0005 
300 0.331 0.012 0.078 0.003 0.0131 0.0005 
350 0.353 0.011 0.075 0.003 0.0111 0.0005 
400 0.353 0.010 0.071 0.003 0.0139 0.0005 
450 0.347 0.011 0.073 0.003 0.0138 0.0005 
500 0.326 0.012 0.077 0.003 0.0144 0.0005 
550 0.352 0.012 0.070 0.003 0.0147 0.0010 
600 0.312 0.014 0.078 0.003 0.0163 0.0010 
650 0.311 0.015 0.077 0.004 0.0172 0.0012 
700 0.368 0.005 0.064 0.001 0.0162 0.0005 
750 0.338 0.018 0.068 0.005 0.0182 0.0010 
800 0.353 0.009 0.065 0.002 0.0182 0.0005 
 
Table A6 Thermal variation of oxide ion, O1 (8c), O2 (32f) and O3 (48i), site 
occupancies in Bi4.5Pb0.5YO8.75 (used to calculate values in Fig. 5.31). 
 
T / C O(1) σ O(1) O(2) σ O(2) O(3) σ O(3) 
25 0.278 0.006 0.096 0.002 0.0112 0.0005 
300 0.272 0.012 0.095 0.003 0.0128 0.0005 
350 0.253 0.012 0.099 0.003 0.0130 0.0005 
400 0.286 0.012 0.093 0.003 0.0121 0.0005 
450 0.274 0.013 0.095 0.003 0.0128 0.0005 
500 0.294 0.012 0.088 0.003 0.0141 0.0010 
550 0.303 0.012 0.084 0.003 0.0150 0.0010 
600 0.322 0.014 0.078 0.003 0.0162 0.0010 
650 0.331 0.015 0.077 0.003 0.0149 0.0010 
700 0.328 0.014 0.076 0.003 0.0163 0.0010 
750 0.289 0.017 0.082 0.004 0.0187 0.0010 
800 0.271 0.010 0.087 0.003 0.0187 0.0005 
 
